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Abstract  
Aquatic invasive species are drivers of ecological change through directly competing 
with native counterparts, causing alterations in community structure and acting as 
vectors for the introduction of novel pathogens. A combination of human-mediated 
introductions and accidental releases from aquaculture facilities has enabled highly 
invasive species, including the American signal crayfish (Pacifastacus leniusculus), 
Chinese mitten crab (Eriocheir sinensis) and topmouth gudgeon (Pseudorasbora 
parva) to become established in Great Britain. I assessed the factors which could have 
facilitated their establishment success and dispersal, including genetic diversity. Novel 
tools such as environmental DNA and citizen science have been proven effective for 
detecting and monitoring aquatic invasive species. Yet, the motivation for 
participation and continued data collection in citizen science initiatives are not clear. I 
have determined that multiple introductions from different source populations are 
likely to have contributed to the invasion success of signal crayfish in Great Britain. 
Secondly, I have developed and employed a quantitative PCR environmental DNA 
multiplex which has enabled simultaneous detection of non-native pathogens (crayfish 
plague) alongside native and invasive crayfish species, providing information on the 
coexistence of native and invasive crayfish in absence of crayfish plague. Application 
of this assay in water and sediment samples has also highlighted the relative impacts 
of river barriers on mitten crab and signal crayfish dispersal and demonstrated that 
similar DNA results can be achieved by utilising both types of samples. I also 
developed a species-specific DNA assay for topmouth gudgeon which detected its 
presence despite lack of visual confirmation, emphasising the greater sensitivity of 
environmental DNA tools. Finally, I designed and launched a citizen science initiative 
in an attempt to assess distribution and pathogen status of signal crayfish, which 
highlighted the complexity of ensuring participation for successful invasive species 
initiatives.  
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GENERAL INTRODUCTION 
1.1. Introduction and establishment of aquatic invasive species 
Aquatic invasive species (hereafter AIS) are known to generate global ecological 
change in aquatic ecosystems, and as a result management and eradication of AIS has 
taken top priority in conservation and monitoring programmes (Havel et al. 2015; 
Lennox et al. 2015). Introductions of AIS within the last century have been attributed 
to aquaculture practice regarding cultivation of commercially important species in 
countries outside of native ranges (Arismendi et al. 2009; Dittel and Epifanio 2009; 
Savini et al. 2010). Farmed species can be liberated from aquaculture facilities via two 
pathways: intentional stocking and unintentional escape. Accidental releases following 
handling or live transportation, escapees from damaged containment structures (i.e. 
damage through bad weather or predators or wear and tear) and introduction through 
ballast water or shipping activities to and from aquaculture facilities are common 
causes of introduction (Arismendi et al. 2009; Gallardo and Aldridge 2013). 
Regulations have been established to limit further release of AIS from aquaculture 
facilities following previous ill-consideration regarding aquaculture as a vector for the 
introduction of farmed species (Copp et al. 2016; EU 2014; Minchin 2007; Ruesink et 
al. 2005).  
 
To predict whether a species will become invasive, the following factors need to be 
assessed: number of individuals at release event and frequency of events (propagule 
pressure), ecological compatibility and adaptive potential of species, and also amount 
of genetic variation in invading individuals (Allendorf and Lundquist 2003; Kolar and 
Lodge 2001; Lee 2002; Szűcs et al. 2017). Larger numbers of individuals being 
introduced combined with multiple introductions can reduce the impact of founder 
effects and aid in successful establishment (Allendorf and Lundquist 2003; Fischer et 
al. 2017; Prentis et al. 2008). The extent of dispersal after establishment can vary 
amongst different AIS species due to differences in ecology, variations in local 
environmental conditions and degree of anthropogenic activity around release sites 
(Bubb et al. 2005; McMahon 2002; Pinder et al. 2005; Van Leeuwen et al. 2013). 
Human-mediated dispersal and anthropogenic activities can facilitate numerous 
introductions in addition to natural dispersal (Banks et al. 2015; Brancatelli and Zalba 
2018; Uller and Leimu 2011). Man-made structures, including urban settlements and 
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weirs can also influence both the number of introduction events and rate of 
advancement from source populations (Crowl et al. 2008; Johnson et al. 2008; Pratt et 
al. 2009; Rahel 2013; Taylor et al. 2018). Species which persist and disperse in the 
local environment after introduction often have adverse effects on native flora and 
fauna which can result in native species decline, including competitive exclusion, 
habitat transformation and/or transmission of disease (De Silva et al. 2009; Didham et 
al. 2005; Vilà et al. 2010).   
 
In addition to successful establishment and proliferation of AIS, there is often the 
potential for non-native pathogens to be co-introduced with AIS (Prenter et al. 2004; 
Vilcinskas 2015). These pathogens have the potential to be transmitted to and have 
detrimental impacts on native counterparts, which can result in disease outbreaks in 
native populations, referred to as ‘spill-over’ (Lymbery et al. 2014; Prenter et al. 2004). 
There are several examples where pathogens have facilitated the invasion process for 
a number of invasive species (Strauss et al. 2012); the most relevant for AIS being the 
co-introduction of crayfish plague oomycete Aphanomyces astaci with American 
signal crayfish (Pacifastacus leniusculus), which is considered to have increased 
invasion success of signal crayfish through selective removal of native European 
crayfish species, white-clawed crayfish (Austropotamobius pallipes) and noble 
crayfish (Astacus astacus; Edgerton et al. 2004). Invasive hosts which benefit from co-
invasion with pathogens are often not adversely affected by or have a higher tolerance 
to the pathogen in comparison to native counterparts (Lymbery et al. 2014), which is 
true in the case of the asymptomatic signal crayfish carrier and A. astaci pathogen 
(Edgerton et al. 2004). Co-invasion with pathogens clearly facilitates the establishment 
success of invasive species in a majority of cases, however the ecology and 
competitive ability of both invasive species and native counterparts need to be assessed 
to determine the overall contribution of pathogens towards invasion success (Strauss 
et al. 2012). 
 
1.2. Study species  
Three study species were used in this thesis: North American signal crayfish, Chinese 
mitten crab (Eriocheir sinensis) and topmouth gudgeon (Pseudorasbora parva). These 
species were chosen because their introduction has been heavily influenced by 
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aquaculture and fisheries activities in the UK (Lodge et al. 2000; Winfield et al. 2011; 
Brodin and Drotz 2014).  
Freshwater crayfish, predominantly from North America, have been cultivated in 
aquaculture facilities across Europe since 1970 to supply the Scandinavian food 
market (Holdich et al. 2004; Lodge et al. 2000). Non-native crayfish species are highly 
plastic in their life cycle, can occupy numerous niches within freshwater food webs 
and have a higher fecundity than native European crayfish, which overall renders non-
native crayfish highly invasive and likely to pose a threat to novel aquatic ecosystems 
(Gherardi et al. 2011). Introductions of 20 non-native crayfish species have been 
reported in the last 100 years, most of these introductions being a result of deliberate 
stockings and accidental releases from asciculture (crayfish aquaculture) facilities and 
private outdoor ponds (Hobbs et al. 1989; Lodge et al. 2000). Signal crayfish are 
notably one of the most successful and invasive introduced crayfish species due to 
their aggressive behaviour, large body size and role as a pathogen vector (Alderman 
and Wickins 1996; Holdich et al. 2014; Lodge et al. 2000; Peay 2009; Pintor et al. 
2008). In addition, signal crayfish are fast-growing and highly fecund, producing an 
excess of 400 eggs in comparison to the slow-growth and low fecundity (<100 eggs; 
(Rhodes and Holdich 1982)) of white-clawed crayfish (Guan and Wiles 1999; Holdich 
et al. 2014) and also display high levels of abiotic tolerance, which allows for 
continued existence and further colonisations (Bubb et al. 2006; Holdich et al. 2014; 
Lodge et al. 2000). Due to the presence of signal crayfish, populations of both noble 
and white-clawed crayfish have been extirpated in a large majority of previously 
occupied lentic and lotic sites across Europe and specifically in Great Britain, white-
clawed crayfish populations have been reduced by 90% (Holdich et al. 2014; Holdich 
et al. 2009; Schrimpf et al. 2012). These population declines of European crayfish are 
considered to be a direct result of competition with invasive crayfish for resources and 
shelter, localised alterations and degradation of habitat through invasive crayfish 
action (Holdich et al. 2014) and crayfish plague infection which is often 100% lethal 
for native crayfish (Bubb et al. 2006; Dunn et al. 2012; Griffiths et al. 2004; Lodge et 
al. 2000; Peay 2009). Displacement by signal crayfish and high mortality rates 
associated with transmission of crayfish plague has resulted in white-clawed crayfish 
being IUCN classified as ‘endangered’ (IUCN 2017).  
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Crayfish plague exists in three forms during its life cycle: mycelium, zoospore and 
cyst (Oidtmann et al. 2002). Zoospores are the infectious stage of the oomycete and 
are released from the mycelium, found in the cuticle of the crayfish. Zoospores are 
typically released into the local environment when a crayfish either succumbs to the 
infection (as is the case for native white-clawed crayfish) or when the infected host 
crayfish moults (Oidtmann et al. 2002). The longevity of zoospores in the local 
environment is limited, however these spores undergo encapsulation to from cysts 
which persist for up to 14 days in temperatures between zero and 10 oC.  It is expected 
that spores will persist longer in more favourable conditions (around 20 oC; Diéguez-
Uribeondo et al. 1995; Unestam 1966; Wittwer et al. 2018). The ability of A.astaci to 
transition between zoospores and cysts (repeated encapsulation), results in a higher 
likelihood of the species finding a host and also enables spores to survive translocation 
on damp surfaces (e.g. fish nets, clothing, crayfish;  Oidtmann et al. 2002; Wittwer et 
al. 2018). A combination of physical dispersal of infected signal crayfish and human-
mediated translocation of infected water, equipment and crayfish has resulted in 
widespread prevalence of A. astaci across the UK (Wittwer et al. 2018). 
 
Despite previous attempts to eradicate signal crayfish using a variety of different 
control methods (trapping, natural biocides and synthetic biocides), there is no 
effective control measure in place to prevent further spread of signal crayfish (Holdich 
et al. 2014). In Great Britain, trapping has been successful on a local scale at reducing 
population sizes short-term, however trapping is known to be size-bias for signal 
crayfish and long-term impact of trapping on signal crayfish populations is difficult to 
assess (Freeman et al. 2010). 
 
An increasingly abundant invasive crustacean species in Great Britain is the Chinese 
mitten crab (Eriocheir sinensis (NBN 2015)). First detected in Europe in the 1910s 
and Great Britain in 1935, mitten crabs have the ability to disperse considerable 
distances upstream in rivers from initial area of invasion (Gilbey et al. 2008; Herborg 
et al. 2007). The two main vectors for dispersal of mitten crabs are mariculture and 
ballast water; the latter considered to be the most influential over long-range dispersal 
(Brodin and Drotz 2014; Gollasch 2010). Transport of mitten crab larvae in freight 
ballast has contributed to recordings of the species around the coastlines of Great 
Britain and Ireland. Repeated influxes of new individuals to existing sites of 
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occupancy could be providing new genetic material and thus enhancing the success of 
mitten crabs as an invasive species (Herborg et al. 2005; Herborg et al. 2003; Lewis et 
al. 2016). Due to the catadromous nature of his species, juveniles are known to migrate 
up to 15 km a day upstream into freshwater to mature (two to five years), before 
migrating downstream to estuaries to spawn (Brodin and Drotz 2014; Dittel and 
Epifanio 2009; Gilbey et al. 2008).  
 
Mitten crabs are known to overlap both in habitat preference and feeding ecology to 
signal crayfish and similarly, mitten crabs are known to cause significant structural 
damage to banks and levees through extensive burrowing (Dittel and Epifanio 2009; 
Gilbey et al. 2008; Herborg et al. 2005). In addition to competitive interactions with 
both native crab Carcinus maenus (Gilbey et al. 2008) and existing crayfish species 
within the same catchment, mitten crabs are also a known carrier of the crayfish plague 
pathogen A. astaci (Schrimpf et al. 2014; Tilmans et al. 2014). It is only recently that 
it has been fully proven that mitten crabs are capable of transmitting A. astaci, which 
has critical consequences for dispersal of the pathogen into upper reaches of river 
catchments, especially in rivers where native crayfish are also present (Schrimpf et al. 
2014; Svoboda et al. 2014; Tilmans et al. 2014).  
 
The last study species for this thesis is the invasive topmouth gudgeon (Pseudorasbora 
parva), which is another prolific AIS which was introduced accidently into UK 
aquaculture facilities through contaminated fish imports (Winfield et al. 2011). 
Topmouth gudgeon established through repeated escape events into local lentic 
systems and has subsequently caused declines in native fish populations (Beyer 2004; 
Britton et al. 2007; Gozlan 2017; Laverty et al. 2017). This species displays broad 
environmental plasticity, matures early and spawns in large sequential batches, which 
ultimately favours successful invasion into novel environments (Beyer et al. 2007; 
Britton et al. 2008; Pinder et al. 2005). In environments with established topmouth 
gudgeon, the rapid reproductive rate and r-selected strategy of this species negatively 
impacts on native fish through intraspecific competition for resources (Britton et al. 
2007). Topmouth gudgeon is also a asymptomatic vector for several fish pathogens, 
including the Ichthyosporea eukaryotic parasite Sphaerothecum destruens (Spikmans 
et al. 2013) which has  caused declines of numerous European native fish species 
(Gozlan et al. 2005), the eel nematode parasite Anguillicola crassus, the 
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trematode Clinostomum complanatum and the Pike Fry Rhabdovirus (PFR; (Britton 
et al. 2007). Across Great Britain, topmouth gudgeon had been reported in 25 locations 
by 2005 (Pinder et al. 2005), seven of which were enclosed waterbodies and the 
remaining sites had a direct connection to major catchments and were considered to 
be highly invasive populations (Britton et al. 2010; Britton et al. 2007). By 2014, 17 
out of the 25 known sites have been eradicated, with five sites remaining across 
England and a further three in Wales (Brazier 2015).  
 
1.3. River connectivity and invasive species dispersal 
Man-made structures and natural barriers can limit the upstream migration of native 
vertebrate and invertebrate species (Blanchet et al. 2009; Coleman et al. 2018; Kerby 
et al. 2005; O'Hanley et al. 2013). Presence of river obstacles cause modification of 
local regimes and habitat degradation, which often results in removal of native species 
(Casimiro et al. 2017; Marvier et al. 2004). This change in native species presence and 
assemblage and the ecosystem modification associated with fragmentation of river 
systems often facilitates the establishment of AIS in comparison to fully connected 
habitats (Johansson et al. 2018; Lee et al. 2018; Trombulak and Frissell 2000). 
Installations of barriers such as dams in previously connected river systems have 
created novel impoundments and the presence of impoundments is a strong indicator 
of the presence of established populations of invasive species, with AIS being 7.8 
times more likely to occur in impoundments than in natural lakes (Johnson et al. 2008). 
Impoundments are considered to act as invasion ‘hubs’, by both increasing the 
likelihood of initial invasion and the facilitation of subsequent spread of AIS into 
natural lentic systems (Casimiro et al. 2017; Johnson et al. 2008). In addition, 
waterfalls have been reported to hinder the expansion of both vertebrate and 
invertebrate AIS to headwater environments (Fagan 2002; Fausch et al. 2009; Taylor 
et al. 2018). Invasive brown trout (Salmo trutta) in New Zealand were effectively 
prevented from progressing upstream to natal waters of common river galaxias 
(Galaxias vulgaris) due to the presence of large waterfalls (Lintermans 2000; 
Townsend and Crowl 1991).  
 
Physical river barriers are known to influence the upstream movement of aquatic 
invasive species such as sea lamprey (Petromyzon marinus (Pratt et al. 2009)) and 
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silver carp (Hypophthalmichthys molitrix (Dettmers et al. 2005)), limiting the extent 
of upstream colonisation (Rosewarne et al. 2013; Vanschoenwinkel et al. 2008). The 
effect of river obstacles on AIS which are not limited to movement through water (i.e. 
invasive crayfish) is rarely considered and thus not well understood (Rosewarne et al. 
2013; Vanschoenwinkel et al. 2008). Red swamp crayfish (Procambarus clarkii), 
signal crayfish and mitten crabs are known to exhibit overland dispersal to find more 
suitable, accessible habitats if faced with unfavourable conditions and/or barriers 
(Fialho et al. 2016; Kerby et al. 2005; Ramalho and Anastácio 2015; Rosewarne et al. 
2013). The ability of such AIS to actively navigate around barriers by leaving the 
aquatic environment and moving overland has facilitated their upstream range 
expansion in fragmented river systems (Banha and Anastácio 2014; Marques et al. 
2015).  Previously, the extent of upstream movement of signal crayfish has been 
analysed through radiotracking (Bubb et al. 2004), however it is difficult to assess the 
influence of barriers independently on upstream dispersal due to the combined effect 
of factors such as flow rate, river level and temperature on movement (Cowart et al. 
2018; Frings et al. 2012).  
 
1.4. Detection and monitoring techniques for aquatic invasive species 
Knowledge of the current distribution and projected future dispersal of species is vital 
for implementing conservation strategies, particularly when addressing threatened, 
endangered or invasive species (Dejean et al. 2012). Detection of AIS is often only 
possible when populations have already become established, spread from original 
source and begun influencing the local environment (Vander Zanden et al. 2010; Zaiko 
et al. 2014). Often with AIS, juveniles have a patchy distribution, are difficult to 
identify by assessing morphological features, and therefore species are easily missed 
by monitoring programmes (Pochon et al. 2013; Trebitz et al. 2017). Current methods 
used to detect and monitor aquatic species are can be unreliable due as they can only 
provide reliable estimates of species presence and absence (Darling and Mahon 2011; 
Jerde et al. 2011; Price and Peterson 2010; Rödel and Ernst 2004). Populations of 
established AIS can undergo dramatic localised population crashes (Simberloff and 
Gibbons 2004) and boom and bust cycles (Britton et al. 2008; Kirjavainen and 
Westman 1999), which results in species being undetectable using traditional 
monitoring methods despite previously existing in higher numbers (Hayes et al. 2005; 
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Price and Peterson 2010; Rout et al. 2009; Vander Zanden et al. 2010). Topmouth 
gudgeon, for example, is known to undergo boom and bust cycles in novel 
environments, most likely caused by a combination of biotic and abiotic factors, 
including habitat suitability and temperature fluctuations and predation pressure 
(Britton et al. 2008; Britton et al. 2007; Copp et al. 2007). Additionally, signal 
crayfish may experience cyclical fluctuations in population abundance across some 
of its range (Kirjavainen and Westman 1999).  
 
1.4.1. Traditional methods of monitoring 
Employing traditional sampling methods such as trapping, as part of AIS monitoring 
management strategies can often result in lack of detection despite the species being 
present (false negative; Darling and Mahon 2011). In particular, trapping during the 
initial stages of invasion or during bust cycles may result in false negatives, resulting 
in lack of detection for a long period, allowing sufficient time for populations to 
increase in numbers and potentially spread further (Davies and Britton 2015; 
Gherardi et al. 2011). Mechanical removal of signal crayfish is effective for reducing 
population size but not for elimination, due mainly to bias size-selection of traps 
resulting in large males being removed exclusively (Bills and Marking 2011; Hein 
et al. 2006; Hein et al. 2007). Management efforts for removal of topmouth gudgeon 
has consisted of eradication attempts using the chemical piscicide Rotenone (Allen 
et al. 2006; Britton et al. 2008), which is known to be effective at removing topmouth 
gudgeon within standing water environments (Ling 2003). Biocides can be developed 
and targeted towards a specific group of animals (i.e. avermectins and crayfish; 
(Turner and Schaeffer 1989)), however many compounds are still indiscriminate and 
are often detrimental to native fauna (Freeman et al. 2010; Lemmens et al. 2014; 
Ling 2003). This non-selective nature of chemical eradication can result in non-
viability of this method for eradicating invasive species in specific locations, 
particularly if the predicted loss of native biodiversity is too great or if eradication 
would result in loss of threatened, rare or protected species (Britton et al. 2011a; Ling 
2003). Lack of successful detection of AIS in early stages of invasion more than often 
results in the species being difficult to eradicate (Freire et al. 2014). Early detection of 
AIS is necessary to deliver more effective management actions regarding eradication 
and control of invasive species (Lodge et al. 2016) and as such is becoming 
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fundamental for the management and control of aquatic invasive species (Vander 
Zanden et al. 2010).  
 
1.4.2. Application of eDNA for AIS detection 
Environmental DNA (eDNA), i.e. DNA molecules released from sources including 
faeces, skin, urine, blood or secretions of organisms, is proving increasingly useful for 
detecting low abundance and hard to identify species, including many AIS (Biggs et 
al. 2015; Dejean et al. 2011; Smart et al. 2016). Endangered fauna, including 
freshwater mussels (Charise et al. 2018) and salmonids (Laramie et al. 2015) have 
been successfully identified using eDNA, as well as AIS at the early stages of their 
introduction (Bohmann et al. 2014; Dejean et al. 2012). Despite being a relatively new 
tool, the use of eDNA is proving to be reliable at detecting a variety of species and is 
being widely utilised for species management and conservation (Biggs et al. 2015; 
Laramie et al. 2015; Spear et al. 2015; Thomsen and Willerslev 2015; Walker et al. 
2017). Detection rates using eDNA can differ among aquatic species, which can be 
attributed to abundance variation and/or differences in eDNA shedding rates; highest 
shedding rates are amongst fish species (Barnes and Turner 2015; Klymus et al. 2015; 
Sassoubre et al. 2016), whereas invertebrate species such as crayfish have a much 
reduced rate of eDNA shedding (Sansom and Sassoubre 2017). Successful detection 
of target species can also depend on the sample source collected; eDNA has been 
successful detected in both aqueous samples and in aquatic sediment, with some 
studies suggesting DNA concentration is higher in sediments versus surface water 
(Pietramellara et al. 2009; Rees et al. 2014; Turner et al. 2015) depending on factors 
such as seasonality (Buxton et al. 2018), localised hydrological flow rates (Shogren et 
al. 2017) and target species ecology (Klymus et al. 2015; Roussel et al. 2015). 
Numerous successful eDNA assays have been refined to increase sensitivity of the tool 
(Goldberg et al. 2016; Walker et al. 2017; Wilson et al. 2016) and application of digital 
droplet PCR (ddPCR) has enabled limiting factors to be overcome, such as PCR 
inhibition (Doi et al. 2015). 
 
1.4.2.1. Metabarcoding versus single-species detection 
Environmental DNA can be analysed using two main approaches: metabarcoding and 
single-species detection (Klymus et al. 2017; Taberlet et al. 2018). Metabarcoding has 
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the advantage of high species coverage (Taberlet et al. 2012b), whereas the targeted 
approach can offer greater sensitivity (Furlan et al. 2016; Smart et al. 2016). In 
addition, multiple target species can be detected at once by using a multiplex approach, 
pooling specific primers for each species (Davy et al. 2015; Wozney and Wilson 
2017). Species-specific approaches have been previously used in conventional PCR 
for detection of AIS (Davison et al. 2017; Jackson et al. 2017) whereas quantitative 
PCR (qPCR) is now more commonly used to target particular species in eDNA 
samples (e.g. (Carlsson et al. 2017; Ficetola et al. 2008; Hutchins et al. 2017; Thomsen 
et al. 2012). Moreover, qPCR is widely used to detect infectious agents in 
environmental samples (Guy et al. 2003; Huver et al. 2014), and can be particularly 
useful for the early detection of novel aquatic pathogens (Ganoza et al. 2006; Strand 
et al. 2014; Wittwer et al. 2018). 
  
1.4.2.2. High-resolution melt curve analyses 
High Resolution Melt (HRM) curve analysis is a qPCR-based approach which 
facilitates identification of small variations in nucleic acid sequences by differences in 
the melting temperature of double stranded DNA products depending on fragment 
length and sequence composition (Wittwer 2009). Analysis of HRM peaks has been 
widely used for SNP genotyping as a fast method to discriminate species (Behrens-
Chapuis et al. 2018; Yang et al. 2009), including natives and invasives (Ramón-Laca 
et al. 2014). In comparison to fluorogenic probe qPCR assays such as TaqMan™, 
which relies on specificity of labelled probes, HRM analysis allows for real-time 
assessment of qPCR product formation rather than relying solely on amplification 
curves (Reed et al. 2007). Due to the diagnostic nature of HRM analyses, it is easier 
to distinguish non-specific amplifications from amplifications of target species DNA 
(Martinou et al. 2010; Vossen et al. 2009) resulting in fewer false positives, which is 
particularly important for use as an eDNA monitoring tool (Ficetola et al. 2016; Rees 
et al. 2014). The qPCR-HRM approach has not extensively been adopted for analysing 
detection of target species in eDNA samples, despite having potential to be an effective 
method for rapid species identification (Cowart et al. 2018).  
 
As traditional methods for detecting aquatic invasive species are often ineffective, 
there is the increasing need to develop non-invasive conservation and management 
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tools in the form of reliable, diagnostic eDNA assays. qPCR-HRM assays can provide 
information on presence and absence of target AIS, which can be achieved in a single 
reaction tube if employing the multiplex approach (Davy et al. 2015; Wozney and 
Wilson 2017; Robinson et al. 2018). Despite the inability to determine the source 
location and exact quantity of eDNA detected using qPCR-HRM assays, presence and 
absence data can be compared against records of known locations for target species, 
and can suggest evidence of population expansion and novel invasions (Bohmann et 
al. 2014; Dejean et al. 2012).  Ultimately, the application of eDNA qPCR-HRM assays 
can inform management strategies, referring to both identification of ark sites for 
endangered native species and priority locations for eradication of AIS (Thomsen and 
Willerslev, 2015; Goldberg et al. 2016).   
 
1.5. Public engagement and citizen science for invasive species research 
An increasingly valuable component of biological monitoring programmes is the 
input, in terms of volunteer hours and sample collection, from members of the public 
as part of citizen science initiatives (Conrad and Hilchey 2011; Dickinson et al. 2012). 
Citizen science projects have gained momentum over the last 40 years, with access to 
the internet enhancing collection of biological information since the late 1990s 
(Dickinson and Bonney 2012). For public engagement with monitoring projects, 
protocols and methods of sample collection should be easily accessible and 
scientifically robust to ensure full public involvement and enable high-quality samples 
to be obtained (Devictor et al. 2010; Silvertown 2009) Recently, citizen science 
initiatives have been employed for a number of eDNA-based monitoring projects for 
a range of species including the rare great crested newt (Triturus cristatus, hereafter 
GCN; (Biggs et al. 2015) and the invasive pygmy mussel (Xenostrobus secures; 
Miralles et al. 2016)).  
 
For eDNA-based citizen science, the success in terms of public involvement and 
viability of samples collected (i.e. no contamination) in the  GCN programme was 
relatively high, as results from 25 out of 26 volunteer survey sites matched with results 
from professional team members from the same sites (Biggs et al. 2015). When 
developing a citizen science programme, many factors including target audience, 
project duration and frequency of data collection (i.e. one-off event or ongoing) need 
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to be considered to achieve the highest levels of engagement and reliable data 
(Devictor et al. 2010; Tulloch et al. 2013). However, some programmes are 
unsuccessful and members of the public fail to engage largely through mistrust by the 
public and concern of data usage, despite appropriate training, protocols and support 
being in place (Conrad and Hilchey 2011; Tulloch et al. 2013). 
 
1.6. Aims and objectives of this PhD 
Current methods for detection of aquatic invasive species are often costly, labour-
intensive and largely ineffective. The main objective of this PhD is developing 
methodologies to enable detection and monitoring of target aquatic invasive species 
(American signal crayfish, Chinese mitten crab and topmouth gudgeon). Implementing 
methodologies, including novel molecular techniques (high-resolution melt eDNA 
assays) designed for use by members of the public in citizen science initiatives, this 
thesis aims to improve the detection and enable a greater understanding of 
establishment success of target aquatic invasive species. Environmental DNA assays 
for early detection of aquatic invasive species have been widely developed for a variety 
of invasive fish and amphibian species, however there is limited research regarding 
assays for invasive invertebrates and simultaneous detection of multiple species using 
a multiplex assay.  This PhD aimed to 1) to use microsatellites to assess genetic 
diversity and structuring of signal crayfish in relation to crayfish plague infection 
status;  2) develop conservation tools in the form of numerous novel high-resolution 
melt eDNA assays, including a multiplex assay, to investigate potential areas of 
coexistence between native and invasive species in relation to presence/absence of 
invasive pathogens and assess the effect of river fragmentation on target AIS; and 3) 
design a novel citizen science project, aimed at monitoring distribution of signal 
crayfish and associated pathogen A. astaci, and compare success with previous similar 
initiatives.  
  
The main objectives for each chapter are detailed as follows: 
 
The aim of Chapter 1 was to investigate the population genetic diversity and level of 
population structuring of crayfish plague infected and uninfected signal crayfish 
populations in locations across England and Wales. A secondary aim was to assess 
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whether there is a link between individual genetic diversity and individual crayfish 
plague infection level in order to investigate whether crayfish plague has facilitated 
establishment of signal crayfish. In this work, I used a previously designed panel of 
microsatellites and previous infection data on individual crayfish to analyse genetic 
diversity and model the relationship of homozygosity and crayfish plague infection.  
Robinson, C.V., Garcia de Leaniz, C., James, J., Cable, J., Consuegra, S., 2018. 
Genetic diversity and parasite-mediated facilitation of establishment in invasive North 
American signal crayfish (Pacifastacus leniusculus). Ecology and Evolution; 
DOI:10.1002/ece3.4235. 
 
The aim of Chapter 2 was to develop an eDNA multiplex assay to enable detection of 
signal crayfish, white-clawed crayfish and crayfish plague simultaneously, in order to 
investigate detection rates and locations of potential coexistence between crayfish 
species in three river catchments (River Wye, River Taff and River Itchen). To 
undertake this work, I designed and optimised a high-resolution melt qPCR multiplex 
assay and validated positive detections of target species through cloning. Sample 
collection methodology involving small water volumes was selected to aid ease of 
collection by members of the public (citizen science). 
Robinson, C.V., Uren Webster, T.M., Cable, J., James, J., Consuegra, S., 2018. 
Simultaneous detection of invasive signal crayfish, endangered white-clawed crayfish 
and the crayfish plague pathogen using environmental DNA. Biological Conservation 
222, 241-252. 
 
The aim of Chapter 3 was to determine the influence of barriers on the distribution of 
both signal crayfish and mitten crabs in two river catchments (River Medway and 
River Dee). I employed the previously designed eDNA assay to assess detection rates 
of both target species in both water and sediment eDNA samples in order to determine 
whether barriers restrict the movement of target species both up and downstream. 
Robinson, C.V., Garcia de Leaniz, C., Consuegra, S. Effect of stream fragmentation 
on the distribution of the invasive signal crayfish and Chinese mitten crab. (Manuscript 
in preparation). 
  
The aim of Chapter 4 was to determine the success of previous eradication attempts 
of topmouth gudgeon through development of a novel eDNA qPCR assay. For this 
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work, I developed and optimised a species-specific assay for topmouth gudgeon and 
determined presence/absence of target species in four ponds in South Wales. 
Sensitivity of the assay was determined through assessing positive detections in two 
differing water volumes (15 mL vs 750 mL).  
Robinson, C.V., Garcia de Leaniz, C. Rolla, M., Consuegra, S. Development of a 
novel eDNA assay for monitoring the eradication of the highly invasive topmouth 
gudgeon (Pseudorasbora parva). (Biological Invasions; in review). 
 
The aim of Chapter 5 was to design and implement a novel invasive species citizen 
science programme (Crayfish Count) to investigate the distribution of signal crayfish 
and crayfish plague infection levels. A secondary aim of this chapter was to assess the 
success of the project and identify strengths, weaknesses and improvements.   
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CHAPTER 1 
Genetic diversity and parasite-mediated facilitation of 
establishment in invasive North American signal crayfish 
(Pacifastacus leniusculus)1 
Pages 16 – 34 
Supporting information (pages 126 – 141) 
 
 
 
 
 
 
 
 
                                                          
1 This chapter is based on manuscript ‘Robinson, C.V., Garcia de Leaniz, C., James, J., Cable, J., 
Consuegra, S., 2018. Genetic diversity and parasite-mediated facilitation of establishment in invasive 
North American signal crayfish (Pacifastacus leniusculus). Ecology and Evolution; 
DOI:10.1002/ece3.4235.’ 
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2. CHAPTER 1: INTRODUCTION 
Crayfish species have been introduced throughout Europe since the 1890, with signal 
crayfish being introduced across many countries including Great Britain (Petrusek et 
al. 2017). It is thought that the spread of signal crayfish (Pacifastacus leniusculus)  has 
been facilitated by human-mediated dispersal and proximity of previous crayfish farms 
to river catchments (Crowl et al. 2008). Despite the current widespread distribution of 
this invasive species and previous research regarding haplotype diversity across 
Europe (Petrusek et al. 2017), it is unclear how many introductions have taken place, 
from which source introduced signal crayfish have originated from and the genetic 
fitness of current populations across Great Britain. It is expected that newly introduced 
populations of signal crayfish will lose genetic diversity due to founder 
effects (Dlugosch and Parker 2008), although multiple introductions from different 
source populations can facilitate an increase in genetic diversity and the likelihood of 
establishing (Allendorf and Lundquist 2003; Prentis et al. 2008). However, some 
crayfish species have succeeded in the absence of numerous introduction events; 
despite a large bottleneck following a single introduction event of 90 spiny-cheek 
crayfish (Orconectes limosus) individuals in 1890, this species have achieved high 
invasion success and is currently widespread across Europe (Filipová et al. 2011).  
 
It is currently unclear as to how available genetic diversity and presence of invasive 
crayfish plague pathogen Aphanomyces astaci has enabled signal crayfish to become 
a successful invasive species in Great Britain, and therefore I aimed to assess the 
relative roles of the crayfish plague and multiple introductions in the establishment 
and dispersal of invasive crayfish in Great Britain. To do this, I compared the genetic 
diversity, effective population size and potential origin of seven signal crayfish 
populations with different plague infection status. 
 
3. METHODS 
3.1. Study sites and sample collection 
American signal crayfish were collected using baited crayfish traps (checked every 24 
hours) and hand netting (James et al. 2017), from five sites in Wales (Sirhowy, Dderw, 
Bachowey, Mochdre and Gavenny) and two sites in England (Lugg and Lea) between 
May - September 2014 and one site (Pant-y-Llyn) in 2016 (Figure 1; Table 1). In 
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addition, 30 crayfish were collected from a native population with unknown infection 
status in Oregon (US) as a reference for genetic diversity. The crayfish plague 
pathogen had not been detected at sites 1 (Sirhowy), 2 (Lugg) and 3 (Dderw), but had 
been isolated from crayfish at the remaining sites (James et al. 2017). Crayfish were 
collected under NRW Permits NT/CW065-C-652/5706/01 and NT/CW081-B-
797/3888/02. 
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Table 1. Sample site information for all nine populations of Pacifastacus leniusculus sampled in Great Britain, including site name, latitude and 
longitude, site type and origin, catchment, crayfish plague infection status and number of crayfish collected per site. 
 
 
 
 
 
Site 
No. 
Site name 
(Country) 
Latitude Longitude Site Type 
(Origin) 
Catchment Infection 
Status 
No. crayfish 
collected 
1 Sirhowy (GB) 51.61628 -3.138935 Stream (Natural) Usk Non-infected 30 
2 Lugg (GB) 52.10007 -2.420102 River (Natural) Wye Non-infected 30 
3 Dderw (GB) 52.01450 -3.152826 Pond 
(Manmade) 
Wye Non-infected 30 
4 Lea (GB) 51.47595 -0.043186 River (Natural) Thames Infected 37 
5 Bachowey (GB) 52.06341 -3.135126 River (Natural) Wye Infected 19 
6 Mochdre (GB) 52.30137 -3.520527 Stream (Natural) Wye Infected 19 
7 Gavenny (GB) 51.82175 -3.012968 River (Natural) Usk Infected 30 
8 Pant-y-Llyn (GB) 52.10932 -3.405192 Pond 
(Manmade) 
Wye Unknown 32 
9 Oregon (USA) 44.55362 -123.2539 Stream (Natural) Willamette Unknown 19 
20 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Map of UK sampling sites for Pacifastacus leniusculus, infection status and the three highly significant breaks in genetic continuity 
generated by BARRIER in relation to sample sites (1=Sirhowy, 2=Lugg, 3=Dderw, 4=Lea, 5=Bachowey, 6=Mochdre, 7=Gavenny, 8= Pant-y-
Llyn). 
N 
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3.2. DNA extraction and amplification 
Total genomic DNA was extracted from each crayfish from a section of tail fan, soft 
abdominal cuticle and walking leg tissue using the DNeasy tissue kit (QIAGEN, 
Sussex, UK) following the manufacturer’s instructions (James et al. 2017). A total of 
214 crayfish were analysed using 9 microsatellites (Table 1), in three separate 
multiplex reactions (Azuma et al. 2011; Froufe et al. 2015). Extracted DNA was 
analysed for quantity and quality using a Nanodrop 2000 (Thermo Fisher Scientific 
Inc., USA) and approximately 8 µg were used for amplification using the QIAGEN 
Multiplex PCR kit, following the QIAGEN multiplex reaction protocol (QIAGEN, 
Sussex, UK) in a total volume of 12 μL. Each reaction consisted of the concentrations 
of primers detailed in (Froufe et al. 2015) (Table S1), with the exception of Scop31 
(forward and reverse), which was re-optimised at 1 µM. 
Amplification conditions consisted of a single-cycle initial activation step of 15 min 
at 95°C followed by a touchdown PCR of eight cycles with a 30 s denaturation step at 
94°C, a 90 s annealing step starting at 64°C and descending in 2-cycle steps of 2°C 
(64, 62, 60, 58 and 56°C) and 90 s of extension at 72°C. Twenty-four additional cycles 
of PCR were then run as above at an annealing temperature of 56°C followed by a 
single final extension cycle of 30 min at 60°C. Microsatellites were resolved on an 
Applied Biosystems ABI3130xl Genetic Analyser (Applied Biosystems, Sussex, UK), 
and fragment length was determined using the GeneScan 500–LIZ size standard and 
scored using GeneMapper v45.0 (Applied Biosystems, Sussex, UK). 
3.3. Genetic analyses 
MICRO-CHECKER  v2.2.3 (Van Oosterhout et al. 2004) was used to assess presence 
of null alleles, large allele drop-outs and scoring errors due to stuttering. GENALEX 
v6.5 (Peakall and Smouse 2006) was used to estimate effective number of alleles (NEF) 
and the populations’ expected (HE) and observed heterozygosities (HO) 
respectively.  Deviations from Hardy-Weinberg equilibrium and tests for linkage 
disequilibrium were investigated using GENEPOP online v4.0.10 (Rousset 2008). 
Pairwise FST values and heterozygosity per locus were calculated using FSTAT 
v1.2 (Goudet 1995). Analysis of Molecular Variance (AMOVA) among populations, 
among individuals and within individuals was calculated in ARLEQUIN 
v3.1 (Excoffier et al. 2005). Homozygosity by locus (HL), which weighs the 
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contribution of each locus to the homozygosity index depending on their allelic 
variability, was estimated for each individual in Cernicalin v1.0 (Aparicio et al. 2006). 
Effective population size was estimated using NeEstimator v2.01 (Do et al. 2013) for 
samples with a minimum of 19 individuals using the Linkage Disequilibrium method 
with allele frequencies larger than 0.02. For HL analyses, both the Oregon and Pant-y-
Llyn populations were excluded, as crayfish plague infection status and therefore PCR 
forming units (PFU) values for these individuals were unknown. 
 
STRUCTURE v2.3.4 (Pritchard et al. 2000), was used to estimate the most likely 
number of genetic clusters in the data. The analysis was run under the admixture 
ancestry model, computing the proportion of the genome of each individual originating 
from each cluster (K). The number of clusters tested ranged from K= 1 to 9, with 20 
repetitions for each K value, and 60,000 MCMC steps discarding the first 10,000 as 
burn-in (Pritchard et al. 2000). The best fitting K value was estimated using 
StructureSelector (Li and Liu 2017), which utilises four alternative statistics 
(MEDMEDK, MEDMEAK, MAXMEDK and MAXMEAK) to produce more 
accurate results for populations with uneven sample size. 
 
BARRIER v2.2 (Manni et al. 2004) was used to detect discontinuities in allelic 
frequencies between British crayfish populations based on genetic distance and 
geographical distance values using the Monmonier’s maximum 
difference algorithm (Monmonier 1973). Initially one data matrix containing 
pairwise FST values was imported in BARRIER to detect genetic barriers across all 
populations. Eight data matrices were then imported into BARRIER containing 
pairwise FST values per locus to assess the number of loci supporting each barrier and 
test for barrier robustness’ (Manni et al. 2004). 
  
The most likely scenario of colonisation for UK populations was estimated using and 
Approximate Bayesian Computation approach implemented in the software DIYABC 
v2.1.0 (Cornuet et al. 2014). For this analysis the Lea, Mochdre and Gavenny 
populations were grouped into one genetic group (pool 1) based on FST values and 
similarity of genetic clusters from the STRUCTURE analysis and the remaining 
populations were analysed as separate populations. Three scenarios of colonisation 
were tested (Figure 3): Scenario 1 – simultaneous divergence (null hypothesis), 
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Scenario 2 – simultaneous divergence of Sirhowy, pool 1, Lugg, Bachowey and Dderw 
followed by divergence of Pant-y-Llyn from Bachowey, Scenario 3 – simultaneous 
divergence of Sirhowy, pool 1, Lugg, Bachowey and Dderw followed by admixture of 
pool 1 with Bachowey to produce the Pant-y-Llyn population. Default settings were 
used for mutation rates (generalised stepwise mutation model (Estoup et al. 2002) with 
a uniform prior distribution of mean mutation rate between 10−4 and 10−3, priors were 
set uniformly distributed, prior distribution of individual locus mutation rates were set 
between 10−5 and 10−2 following a Gamma distribution with mean determined by the 
mean mutation rate across loci. Effective population sizes were set between 10 and 
2,500 for all populations. A total of 1,000,000 simulations per scenario (1,2,3) were 
generated from the parameters prior distributions. Mean gene diversity across loci and 
mean M index diversity across loci (one sample summary statistics) were calculated 
for each population. Pre-evaluation of each scenario was carried out by generating 
Principal Component Analysis (PCA) plots based on summary statistics using 30,000 
(1%) simulated data sets and the posterior distribution of the parameters was estimated 
using the logit function (Cornuet et al. 2014). For model checking, I performed a PCA 
using new simulated datasets (1,000,000 per scenario) drawn from the posterior 
distribution of parameters, which are also represented on the PCA. Two sample 
summary statistics were used in model checking (mean number of alleles, mean genic 
diversity, mean size variance, FST, classification index, shared allele distance and 
(dµ)2 distance) to assess whether the observed data was included within the 
distribution of the predictive posterior parameters of the simulated data. Confidence in 
each scenario was obtained from the highest posterior probability using logistic 
regression, estimated by comparing the summary statistics from simulated and 
observed results, and from calculating type I and type II errors using 1000 simulated 
datasets (Cornuet et al. 2014). 
  
Population heterozygosity and effective population size were compared between 
infected and non-infected populations using a Welch t-test for unequal variances. I also 
modelled infection status (yes/no) and plague intensity (measured as density of plaque-
forming units, PFU) in individual crayfish using population of origin as a random 
factor and individual homozygosity (HL) as a predictor with either a binomial logit link 
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(infection status) or a gaussian link (plague intensity, measured as log(PFU+0.5) with 
the lme4 package in R, version 3.3.2. 
  
4. RESULTS 
4.1. Host genetic diversity and population structuring 
MICRO-CHECKER results indicated that four microsatellites had significant 
evidence of null alleles (P = 0.001), however results of repeated analyses (FST, 
STRUCTURE) removing the affected microsatellites showed no obvious deviations 
from the results including all nine microsatellites (Table S2; Figure S1), therefore I 
carried out all subsequent analyses with all of them (van Oosterhout et al. 2004). The 
nine microsatellite loci displayed moderate to high levels of polymorphism (HE 
between 0.5 and 0.7) across all the sites. All populations displayed a degree of 
deviation from Hardy-Weinberg Equilibrium (HWE) across various loci due to lower 
than expected HE. Out of 81 Chi-Square tests conducted (one per locus) 37 showed a 
significant deviation from HWE (Table S3) after sequential Bonferroni correction. The 
across loci population tests of HWE showed that all populations deviated significantly 
from HWE, displaying a deficiency of heterozygosity (P < 0.0001). Tests for linkage 
disequilibrium (LD) for each locus pair across all populations (Fisher's method) 
revealed only three significant associations out of 36 pairwise comparisons after 
Bonferroni corrections, these were between LPL26 and LPL40, LPL6 and LPL45 and 
LPL26 and Scop9.  
  
Across all populations, the mean number of alleles ranged from 4.11 to 8.56, with the 
Gavenny site having the highest mean number of alleles and the Sirhowy site the 
lowest across all populations sampled (Table 2). The mean expected heterozygosity 
(HE) across all populations ranged from 0.46 to 0.69 respectively. The mean effective 
number of alleles ranged from 2.25 in the Dderw site to 5.45 in the Gavenny site and 
for Lea the mean was 4.55.  Across all loci, there was no significant difference in 
number of effective alleles (NEF) between populations (One-way ANOVA, F8,72 = 
1.496, P = 0.1739). Effective population size (Ne;) ranged between 12.9 (Sirhowy) and 
90.4 (Gavenny; Table 2) and, probably due to small sample size, confidence intervals 
were relatively large (3.9 to 28.6). 
The STRUCTURE and StructureSelector analyses indicated that K= 4 (Figure 2; 
Figure S2; Table S6) is the most likely number of clusters in the dataset for British 
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populations only and K= 5 (Figure S3; Table S7) for the British populations plus 
Oregon (Figures 2A and 2B).  
 
Table 2. Summary statistics for each population of Pacifastacus leniusculus. N = 
number of individuals, NA = mean number of alleles, NEF = mean number of effective 
alleles, Ne = effective population size, NPA= mean number of private alleles, HO = 
mean observed heterozygosity, HE = mean expected heterozygosity, HL = mean 
homozygosity by locus, FIS = mean fixation index. 
 
Population   N NA NEF Ne NPA HO HE HL FIS 
Sirhowy Mean 30 4.222 2.460 12.300 0.000 0.397 0.569 0.607 0.309 
  SE ±   0.795 0.195 8.000 0.000 0.076 0.041 0.030 0.121 
Lugg Mean 30 5.667 3.703 26.400 0.111 0.364 0.541 0.564 0.381 
  SE ±   1.280 0.890 17.000 0.111 0.112 0.117 0.032 0.105 
Dderw Mean 30 4.111 2.248 19.900 0.111 0.273 0.464 0.676 0.349 
  SE ±   0.790 0.301 11.200 0.111 0.079 0.090 0.030 0.116 
Lea Mean 37 7.778 4.552 76.500 0.444 0.426 0.628 0.516 0.328 
  SE ±   1.392 1.054 47.000 0.242 0.099 0.092 0.022 0.103 
Bachowey Mean 19 5.000 3.090 29.900 0.222 0.398 0.577 0.552 0.307 
  SE ±   0.772 0.527 14.600 0.147 0.080 0.079 0.036 0.087 
Mochdre Mean 19 6.778 4.108 42.800 0.111 0.427 0.653 0.525 0.367 
  SE ±   1.222 0.773 22.100 0.111 0.104 0.072 0.040 0.117 
Gavenny Mean 30 8.556 5.445 90.400 0.389 0.441 0.687 0.519 0.350 
  SE ±   1.730 1.430 49.500 0.564 0.073 0.073 0.035 0.081 
Pant-y-Llyn Mean 32 5.444 3.449 14.200 0.556 0.350 0.574 0.594 0.428 
  SE ±   1.029 0.729 10.000 0.338 0.089 0.089 0.037 0.104 
Oregon Mean 19 7.222 4.191 32.600 1.556 0.374 0.588 0.502 0.404 
  SE ±   1.623 8.972 18.700 0.580 0.118 0.103 0.050 0.137 
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Figure 2. STRUCTURE analysis for UK Pacifastacus leniusculus populations at K = 4 clusters (A); each bar represents an individual crayfish, 
the different colours represent different clusters and therefore indicate the proportion of each crayfish attributed to each cluster. Infection status is 
stated above the output and corresponding population names stated below for each population. b) STRUCTURE analysis for all nine signal 
crayfish populations at K = 5 clusters (B). 
A 
B 
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Pairwise population FST values were highly significant (after Bonferroni 
correction, P < 0.00138), with the exception of the Mochdre and Gavenny sites, and 
the Mochdre and Lea sites (Table 3). Among the UK populations, the Dderw displayed 
the highest divergence, with the highest pairwise FST observed between the Dderw and 
Sirhowy populations (FST = 0.294, P < 0.001). The AMOVA results for all sites 
indicated that variation among populations accounted for 15% of the genetic 
differentiation, while variance among individuals within populations accounted for 
31% and the remaining 54% was due to intra-individual variation (Table 4). Most 
populations displayed a relatively high degree of admixture (average Q value 69%), 
apart from Sirhowy and Dderw (average Q value of 91%). Geographically distant 
populations (e.g. Lea and Mochdre) displayed high levels of genetic similarity despite 
distance, which was reflected in lack of IBD in the Mantel test for UK populations (y 
= 0.0009x + 17.053, R2 = 0.0003, P > 0.05). 
 
Analysis of the most likely scenario of colonization suggested the simultaneous 
divergence of populations (Scenario 1), based on logistic regression and PCA results 
(Figure 3; Figure S5). Observed summary statistics did not deviate significantly from 
simulated statistics and scaled posteriors aligned well with priors (Table S4; Table S5). 
According to this scenario, six main colonisation events could have taken place; (1) 
Sirhowy; (2) Dderw; (3) Bachowey; (4) pool 1 (Lea, Mochdre and Gavenny), (5) 
Lugg, (6) Pant-y-Llyn. 
 
Populations with the lowest degree of admixture (Sirhowy, Bachowey and Dderw) did 
not have a significantly lower heterozygosity (HE = 0.527) compared to populations 
which were more admixed (Lugg, Lea, Mochdre, Gavenny, Pant-y-Llyn; average HE = 
0.617; df=4.4; Welch t-test; P=0.098). Results from BARRIER suggested that the 
most likely number of discontinuities in genetic connectivity was due to three barriers 
(Figure S4), the strongest division occurring between Sirhowy and all the other sites 
(Barrier a; Figure 1). The next largest discontinuity was observed between Dderw and 
surrounding populations (Barrier b; Figure 1), while the third barrier separated Lugg 
from the Welsh populations (Barrier c; Figure 1; site 2). All barriers were supported 
by seven out of nine loci. 
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Table 3. Pairwise FST values (below diagonal) and significance (above diagonal) for nine populations of invasive Pacifastacus 
leniusculus sampled in Great Britain. 
  Sirhowy Lugg Dderw Lea Bachowey Mochdre Gavenny Pant-y-Llyn Oregon 
Sirhowy 0.000 * * * * * * * * 
Lugg 0.206 0.000 * * * * * * * 
Dderw 0.294 0.138 0.000 * * * * * * 
Lea 0.162 0.041 0.139 0.000 * NS * * * 
Bachowey 0.195 0.085 0.145 0.056 0.000 * * * * 
Mochdre 0.150 0.053 0.148 0.026 0.050 0.000 NS * * 
Gavenny 0.155 0.056 0.129 0.029 0.063 0.017 0.000 * * 
Pant-y-Llyn 0.199 0.064 0.100 0.037 0.017 0.052 0.052 0.000 * 
Oregon 0.334 0.337 0.410 0.273 0.312 0.253 0.258 0.315 0.000 
Significance values for each pairwise comparison adjusted by sequential Bonferroni corrections. 
* P < 0.00138 
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Table 4. Results of Analysis of Molecular Variance (AMOVA) for all nine populations of invasive Pacifastacus leniusculus, presenting the 
different sources of variation (among populations, among individuals, within individuals), degrees of freedom (d.f.), sum of squared differences 
(SSD), variance components, percentage variation and P value for each source. 
 
Source of 
Variance 
d.f. SSD Variance 
Components 
Percentage 
Variation 
P Value 
Among 
Populations 
8 235.163 0.475 14.892 <0.001 
Among 
Individuals 
236 876.566 1.001 31.400 <0.001 
Within 
Individuals 
245 419.500 1.712 53.708 <0.001 
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Figure 3. Three scenarios of signal crayfish colonisation tested using Approximate 
Bayesian Computation analysis (ABC) (A): Simultaneous divergence (Scenario 1), 
simultaneous divergence of Sirhowy, Pool 1, Lugg, Bachowey and Dderw, followed 
A 
B 
C 
31 
 
by divergence of  Pant-y-Llyn from Bachowey (Scenario 2) and simultaneous 
divergence of Sirhowy, Pool 1, Lugg, Bachowey and Dderw, followed by admixture 
of pool 1 with Bachowey to produce Pant-y-Llyn (Scenario 3). Reliability of scenarios 
displayed through posterior probabilities as the logistic regressions (B). Principal 
component analysis (PCA) showing the fit of posterior distributions for scenario 1 
(C). 
 
4.2. Aphanomyces astaci infection levels and population genetic diversity 
Infected crayfish populations had a significantly higher mean expected heterozygosity 
than uninfected ones (HE infected = 0.64, SE = 0.02; HE uninfected = 0.52, SE =0.02; 
Welch two sample t-test = 3.509, df = 4.5, P = 0.019), while their effective population 
size did not differ significantly between them (average Ne infected = 59.90 SE = 24.48; 
average Ne uninfected = 19.73 SE = 5.51; Welch two sample t-test = 2.36, df = 
3.4, P =0.06). 
 
Mean HL for each population ranged from 0.50 to 0.68 (0 being heterozygous and 1 
being completely homozygous). Crayfish populations differed significantly in 
individual homozygosity (Figure 4; F6,187= 3.71, P = 0.002), with infected populations 
having a significantly lower homozygosity by locus. Crayfish populations also differed 
significantly in plague infection loads (F6,187= 38.27, P < 0.001), but homozygosity 
did not explain the probability that an individual would be infected (z = 
1.337, P =  0.181) or the intensity of infection (t186.94 = 0.874, P = 0.383) when 
controlling for population of origin.  
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Figure 4. Homozygosity by locus (HL) values for each of the crayfish populations with 
known infection status. 
 
5. DISCUSSION 
Signal crayfish represents an ideal species to test the roles of genetic diversity and 
pathogens as novel weapons on invasion success, as the species is highly invasive 
throughout most of Europe, and Great Britain in particular. Its success has been 
attributed to preadaptation, aggressive behaviour, niche plasticity, and the presence of 
the highly infectious A. astaci (Becking et al. 2015; Holdich et al. 2014; Hudina et al. 
2011; James et al. 2014a). Admixture between lineages could have also facilitated the 
establishment of this species, allowing populations to overcome founder effects and 
loss of genetic diversity (Kolbe et al. 2004; Rius and Darling 2014), particularly when 
combined with high propagule pressure (Consuegra et al. 2011), but this had not been 
considered before. In Britain, the species has continued to spread despite management 
and control measures (Holdich et al. 2014). 
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The invasive signal crayfish populations I studied had small effective population 
sizes and low to moderate genetic diversity, despite having been established for more 
than 25 years (c. 25 generations), which is similar to what is observed in other invasive 
crayfish species populations, (e.g. the red swamp crayfish (Procambarus clarkii) 
in China (Yue et al. 2010), Mexico and Costa Rica (Belfiore and May 2000; NBN 
2009; Torres and Álvarez 2012). It is possible that the low levels of heterozygosity 
observed are the result of recurrent translocations of small numbers of signal crayfish 
which may have resulted in founder effects (Gouin et al. 2006). None of the 
populations were in Hardy-Weinberg equilibrium and all had lower than expected 
heterozygosity, which is consistent with founder effects. In addition, lack of isolation 
by distance and strong population structuring could be the result of multiple 
introductions from different sources (Le Roux and Wieczorek 2008; Roman and 
Darling 2007) or of small founder sizes followed by genetic drift and isolation. 
Eradication efforts over the last 10 years, such as the removal of c56,000 crayfish in 
the Bachowey (Abdelkrim et al. 2007; WUF 2012), could have also contributed to 
decreasing genetic diversity and increasing population structuring, but the 
documentation of these events is too scarce to draw any conclusions.   
 
Evidence of four main genetic clusters in the introduced signal crayfish populations, 
the strong differentiation (FST) values and the most likely colonisation scenario support 
the assumption that current crayfish populations in Britain are not genetically 
homogenous, a phenomenon common in invasive species originating from different 
origins (Zalewski et al. 2010). The most likely colonisation scenario for signal crayfish 
in the sites sampled in Britain suggested that populations most likely originated from 
six source populations with varying levels of genetic diversity, although some caution 
is warranted in the interpretation of the results due to the deviations from Hardy-
Weinberg equilibrium. The observed spatial pattern of infected crayfish populations is 
best explained by considering numerous founder events and further colonisation 
helped by human-mediated dispersal. This corresponds well to the diversity of 
mitochondrial DNA previously observed for this species in Europe (including six 
different haplotypes in the British Isles), which lacks a geographical pattern and has 
been attributed to different introductions and secondary human-mediated 
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translocations (Petrusek et al. 2017), and would explain why some infected 
populations (Lea, Mochdre and Gavenny) have a common genetic background, similar 
to what has been observed in the Czech Republic (Kozubíková et al. 2008). Infected 
crayfish populations had higher heterozygosity than uninfected populations which, if 
representative of whole genome heterozygosity, could represent higher 
fitness (Forstmeier et al. 2012; Reed and Frankham 2003). The presence of infected 
and uninfected signal crayfish in close proximity (i.e. Dderw and Bachowey) could be 
a consequence of physical barriers and is important in relation to the conservation of 
endangered native crayfish populations, as invasive signal crayfish and native 
European crayfish can coexist in the absence of plague (Bubb et al. 2005; Diéguez-
Uribeondo 2006; Filipová et al. 2013). Native crayfish tend to inhabit refugia in the 
headwaters of numerous catchments within Britain, some of which have tested positive 
for A. astaci downstream (Bubb et al. 2005; Filipová et al. 2013). 
 
In summary, it is likely that human-mediated dispersal has contributed to the numerous 
colonisation events from a minimum of four genetic origins and further facilitated 
population expansion and succession of signal crayfish. Populations with A. 
astaci displayed higher heterozygosity, which could potentially be an indication of 
fitness benefits or a consequence of the absence of competition with native crayfish, 
however, physical and/or environmental barriers to dispersal may have additionally 
contributed to differences in A. astaci infection levels between populations as opposed 
to the varying genetic diversity of individual crayfish. Despite this species’ invasion 
success, low effective population size and levels of genetic diversity observed suggest 
that populations are either still establishing in Great Britain and have not yet overcome 
the effects of founder effects or have suffered a decrease in local genetic diversity as 
a result of invasive crayfish removal programmes. The success of local management 
programmes is difficult to assess, as crayfish populations are very difficult to eradicate 
by mechanical means (Freeman et al. 2010), and negative density dependence can 
improve the body condition of survivors (Moorhouse and Macdonald 2010). However, 
my study suggests that genetic monitoring before and after physical removal of 
crayfish can provide measures of genetic diversity and effective population size that 
could be used to assess the population consequences of removal actions. 
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CHAPTER 2 
Simultaneous detection of invasive signal crayfish, endangered 
white-clawed crayfish and the crayfish plague pathogen using 
environmental DNA2  
Pages 35 – 66 
Supporting information (pages 142 – 153) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
2 This chapter is based on manuscript ‘Robinson, C.V., Uren Webster, T.M., Cable, J., James, J., 
Consuegra, S., 2018. Simultaneous detection of invasive signal crayfish, endangered white-clawed 
crayfish and the crayfish plague pathogen using environmental DNA. Biological Conservation 222, 
241-252.’ 
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6. CHAPTER 2: INTRODUCTION 
Monitoring programs targeting the highly invasive signal crayfish (Pacifastacus 
leniusculus) have recently shifted focus to the use of non-invasive tools including 
eDNA. Numerous species-specific qPCR assays have been designed and implemented 
mainly in closed systems across a range of countries (Scandinavia (Agersnap et al. 
2017); North America (Larson et al. 2017); France (Mauvisseau et al. 2018) and UK 
(Harper et al. 2018)). A majority of assays have been designed using the TaqMan® 
approach, relying on specific probes to confirm positive detection of target species; 
however one study (Mauvisseau et al. 2018) has highlighted the greater sensitivity and 
reproducibility using  SYBR™ Green qPCR for field samples due to lack of inhibition 
compared to TaqMan® assays. The additional high-resolution melt curve analysis step 
added to SYBR™ Green qPCR protocols decrease the likelihood of false positives 
from non-specific amplification and allow for a faster, more reliable and diagnostic 
result for both single and/or multiple species per reaction (Liu et al. 2018).  
 
An important factor to consider for signal crayfish invasion is the combined influence 
of both the crayfish and the crayfish plague oomycete (Aphanomyces astaci) on the 
local environment. It is difficult to disentangle the effects of these two factors and 
therefore detection of both the crayfish host and A. astaci together is needed to gain 
information regarding the infection status of any newly invading individuals (Peiró et 
al. 2016). By using a novel approach to simultaneously identify both AIS and their 
major associated pathogens, I analysed the distribution of the highly invasive signal 
crayfish, the native crayfish and the crayfish plague pathogen in areas where the 
presence of the signal crayfish is severely impacting the native populations, to identify 
potential areas of coexistence and refugia for the native species. I expected to find 
coexisting populations of both species more likely in locations where the crayfish 
plague has been historically and continually absent.  
 
7. METHODS 
7.1. Assay validation 
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In order to validate the eDNA assay in a controlled environment and assess short-term 
degradation rates, a pilot experiment was conducted by placing individual signal 
crayfish in three isolated tanks, each with 2 L of water. After 24 hours, they were 
removed and two 15 mL water samples were taken from each tank. The sampling was 
repeated 24 and 48 hours after removal. Two ultrapure water blanks and four tank 
blanks (with no crayfish in) were also taken as controls during each sampling period. 
Immediately after collection, a standard method of preserving and extracting eDNA 
was applied by the addition of 33 mL of absolute ethanol and 1.5 mL of 3M sodium 
acetate to samples and subsequent storage at -20oC for a minimum of 24 hours before 
DNA extraction (Ficetola et al. 2008). To recover precipitated DNA, samples were 
centrifuged to create a DNA pellet. The supernatant was discarded and the remaining 
pellet was air-dried before being subjected to DNA extraction. Extraction blanks 
consisting of ultrapure water in place of sampled water and tank blanks were used to 
test for any cross-contamination of the samples. Similarly, nine 15 mL water samples 
were taken, along with a system blank, at a local hatchery containing a population of 
white-clawed crayfish, to test detection levels of native crayfish in aqueous eDNA 
samples. 
 
7.2. Study populations and eDNA sample collection 
I sampled six locations in the River Wye catchment and seven additional sites in the 
River Taff catchment, both in Wales, UK (Figure 5A-C), as well as 18 sites from the 
River Itchen (Southern England) and 11 from the River Medway (South-East England; 
Figure 5C; Table 5), all of them introduced c.1970. Records of the introduction of 
signal crayfish in Europe are very limited, but some evidence suggests that between 
1976 and 1978 around 150,000 juvenile signal crayfish were introduced into Britain 
and other European countries from a hatchery in Simontorp, Sweden, which originally 
imported them from Lake Tahoe in California and Nevada, USA, in 1969 (Holdich 
and Lowery 1988). After the Simontorp introductions, crayfish began to be imported 
directly from different American hatcheries (Holdich and Lowery 1988), suggesting 
that the current populations could have different origins, and potentially initial 
infection status. 
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Welsh locations were selected based upon data from CrayBase (James et al. 2014a); 
two of the locations supported white-clawed crayfish populations, with no evidence of 
signal crayfish presence, three locations only had populations of signal crayfish and 
the remaining eight locations could potentially have both Signal crayfish and white-
clawed crayfish or neither species, but their status was uncertain as these had not been 
previously monitored. Two out of the three signal crayfish confirmed sites were known 
to contain A. astaci infected crayfish (James et al. 2017).  
 
In the river Medway, signal crayfish was thought to inhabit the upper catchment but 
the crayfish status downstream was unknown, while in the river Itchen white-clawed 
crayfish was assumed to be present throughout most of the upper catchment and signal 
crayfish had been recorded in few sites both upstream and downstream of white-
clawed crayfish presence (Rushbrook 2014); Table 5). The infection status of both the 
Medway and Itchen crayfish populations was unknown.  
 
Each site was subdivided into three sampling sites (upstream, midstream and 
downstream), separated where possible by ca. 500 m, to increase the area sampled. 
Between three and nine 15 mL water samples were taken from each sampling site 
simultaneously. All samples were collected ca. 1 m beneath the surface for ponds and 
in shallow areas of low flow streams and preserved as for the ex-situ experiment. 
Negative controls consisting of ultrapure water in place of river/pond water were taken 
before and after sampling, at each sampling site. Temperature, weather conditions, 
amount of shade cover, flow rate and pH were measured at each site (Table 5). 
Footwear was washed with VirkonTM and equipment disinfected with bleach between 
samplings to prevent the possible spread of A. astaci spores and DNA contamination 
between sites. All Wye sites which indicated presence of either crayfish species based 
on initial qPCR results were re-sampled the following year to assess reproducibility of 
positive amplifications at the sites (Table 5). To estimate the current presence of both 
host species, 25 standard TRAPPYTM crayfish traps (500 x 200 x 57 mm; NRW Permit 
Reference: NT/CW081-B-797/3888/02) were set following standard guidelines for 
trapping crayfish (DEFRA 2015). Traps were baited with halibut pellets and set at all 
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of the eDNA sample sites and left for 24-48 hour, and 24 hour checks were conducted. 
Three 15 mL water samples were taken downstream of traps (or around the trap for 
still water bodies) which had successfully trapped crayfish, as a control of crayfish 
eDNA detectability in the river. Crayfish were collected and euthanised by freezing at 
-20 oC (Cooper 2011).  
 
Positive controls for eDNA screening consisted of 15 tissue samples from signal 
crayfish individuals (pooled tail fan and soft cuticle) from three different source 
populations (Gavenny, Bachowey and Mochdre), part of a previous study within close 
proximity to eDNA sampling sites within the Bachowey and Duhonw catchments 
(James et al. 2017), and 12 white-clawed crayfish individuals (first carapace moults 
and mortalities preserved in 100% ethanol) from two different locations in the UK 
(Cynrig Hatchery, Brecon and Bristol Zoo).  
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Table 5. Location and environmental data for eDNA sampling sites in the River Wye for July 2015 and October 2016 (in italics); River 
Taff (May 2015); River Medway (July 2016) and the River Itchen (October 2017), including waterbody type, GPS coordinates, shade 
cover (0-3), temperature (oC), flow rate (m/s) and total number of samples collected per site minus negative controls (three samples in 
duplicate (6) or triplicate (9)). 
Date Waterbody 
Crayfish 
Status 
Site 
No. 
Waterbody 
Type 
GPS 
Coordinates 
Shade 
Cover 
Temperature 
(oC ) 
Flow Rate 
(m/s) No. Samples 
10/07/2015 
Sgithwen Native 1 Stream 
SO 11152 
41419 3 15 N/A 9 
14/10/2016 
Sgithwen Native 1 Stream 
SO 11152 
41419 2 8.5 0.2 9 
10/07/2015 
Sgithwen Native 2 Stream 
SO 10819 
41423 3 14 N/A 3 
14/10/2016 
Sgithwen Native 2 Stream 
SO 10819 
41423 2 9 0.2 9 
10/07/2015 
Bachowey Signal 3A Stream 
SO 10623 
42814 2 14 N/A 3 
10/07/2015 
Bachowey Signal 3B Stream 
SO 13821 
45723 1 15 N/A 3 
14/10/2016 
Bachowey Signal 3B Stream 
SO 13821 
45723 0 9 0.3 9 
10/07/2015 
Bachowey Signal 3C Pond 
SO 18504 
47170 0 23 N/A 3 
14/10/2016 
Bachowey Signal 3C Pond 
SO 18504 
47170 0 8.5 0.5 9 
10/07/2015 
Bachowey Signal 4 Stream 
SO 18562 
47118 1 15 N/A 9 
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14/10/2016 
Bachowey Signal 4 Stream 
SO 18562 
47118 1 8 0.2 9 
15/07/2015 
Edw Unknown 5A Stream 
SO 08471 
47124 2 16 N/A 3 
15/07/2015 
Edw Unknown 5B Stream 
SO 11226 
48715 2 15 N/A 3 
15/07/2015 
Edw Unknown 5C Stream 
SO 12409 
52102 2 16 N/A 3 
15/07/2015 
Duhonw Signal 6A Stream 
SO 03831 
48780 2 15 N/A 3 
15/07/2015 
Duhonw Signal 6B Stream 
SO 02837 
47179 3 14 N/A 3 
15/07/2015 
Duhonw Signal 6C Pond 
SO 03891 
46490 0 23 N/A 3 
01/05/2016 
Taff Unknown T1 Pond 
SO 07192 
08525 0 10 N/A 6 
01/05/2016 
Taff Unknown T2 Pond 
SO 07195 
08318 0 12 N/A 6 
01/05/2016 
Taff Unknown T3 Lake 
SO 03963 
07262 1 13 N/A 6 
01/05/2016 
Taff Unknown T4 Stream 
SO 03719 
07681 0 11 0.3 6 
01/05/2016 
Taff Unknown T5 Stream 
SO 03756 
07480 2 10 0.3 6 
01/05/2016 
Taff Unknown T6 Lake 
SO 00849 
11346 0 13 N/A 6 
01/05/2016 
Taff Unknown T6 Stream 
SO 01560 
10665 2 11 0.2 6 
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27/07/16 
Medway Signal 1 River 
TQ 59089 
46489 0 17 0.2 6 
27/07/16 
Medway Signal 2 Stream 
TQ 67472 
48254 0 15 0.3 6 
27/07/16 
Medway Unknown 3 Pond 
TQ 60810 
51347 2 17 N/A 6 
27/07/16 
Medway Signal 4 River 
TQ 68987 
49924 1 18 0.2 6 
27/07/16 
Medway Signal 5 River 
TQ 72866 
48687 1 16 0.3 6 
27/07/16 
Medway Signal 6 Stream 
TQ 77297 
46511 3 14 0.1 6 
27/07/16 
Medway Signal 7 Stream 
TQ 72843 
45680 1 13 0.2 6 
27/07/16 
Medway Unknown 8 River 
TQ 70880 
53290 1 15 0.2 6 
27/07/16 
Medway Unknown 9 River 
TQ 73478 
53564 0 16 0.4 6 
27/07/16 
Medway Unknown 10 River 
TQ 75665 
55630 0 17 0.3 6 
27/07/16 
Medway Unknown 11 Lake 
TQ 70192 
59812 2 19 N/A 6 
12.10.17 Itchen Native 1 Stream N/A 2 12 0.3 6 
12.10.17 Itchen Native 2 Stream N/A 2 13 0.1 6 
12.10.17 Itchen Native 3 Stream N/A 0 12 0.1 6 
12.10.17 Itchen Native 4 River N/A 1 12 0.5 6 
12.10.17 Itchen Native 5 River N/A 1 12 0.3 6 
12.10.17 Itchen Native 6 Stream N/A 0 12 2.0 6 
12.10.17 Itchen Native 7 Stream N/A 2 13 0.5 6 
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12.10.17 Itchen Native 8 Stream N/A 0 12 0.3 6 
12.10.17 Itchen Native 9 Stream N/A 1 13 1.5 6 
12.10.17 Itchen Native 10 River N/A 3 13 1.0 6 
12.10.17 Itchen Native 11 River N/A 2 12 0.1 6 
12.10.17 Itchen Signal 12 River N/A 2 12 0.1 6 
12.10.17 Itchen Signal 13 River N/A 1 12 3.0 6 
12.10.17 Itchen Signal 14 River N/A 3 12 0.5 6 
12.10.17 Itchen Signal 15 River N/A 2 12 0.1 6 
12.10.17 Itchen Native 16 River N/A 3 12 0.5 6 
12.10.17 Itchen Signal 17 River N/A 3 12 0.5 6 
12.10.17 Itchen Signal 18 River N/A 3 12 0.3 6 
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Figure 5. A) eDNA sampling sites for catchments sampled (Wye, Taff, Itchen and Medway) with known presence of Pacifastacus 
leniusculus individuals (red circle), Austropotamobius pallipes (green circle) or without information regarding crayfish status (blue circle); 
B) Location of the rivers Wye and Taff eDNA sampling sites in Wales. Wye sites 1 and 2 (Sgithwen Brook) were confirmed for crayfish 
C 
N 
47 
 
species Austropotamobius pallipes; sites 3 (Bachowey), 4 (Bachowey) and 6 (Duhonw) were confirmed for crayfish species Pacifastacus 
leniusculus and site 5 (Edw) had unknown crayfish status. Taff sites T1 to T7 all had unknown crayfish presence status; C) Locations of 
the River Medway and River Itchen eDNA sampling sites. There were 11 sites in total (M1 to M11); M1, M2 – M6 were classified as 
positive for Pacifastacus leniusculus presence whereas M3, M8 – M11 have an unknown crayfish species status. In the Itchen, there were 
18 sites in total (I1 to I18); I1 – I11 classified as positive for Austropotamobius pallipes presence and I12 – 18 classified as positive for 
Pacifastacus leniusculus presence. Each point represents a locality where between three and nine water samples were collected. 
(Austropotamobius pallipes photograph ©Chloe Robinson; Pacifastacus leniusculus photograph ©Rhidian Thomas).  
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7.3. qPCR primer design 
Crayfish specific primers were designed using Primer3 software, tested in silico using 
Beacon Primer Designer (ver. 2.1, PREMIER Biosoft), and checked for cross-
amplification using NCBI Primer-BLAST (Ye et al. 2006). The primer pair was 
designed to be complementary to both the signal crayfish and native white-clawed 
crayfish (ApalPlen16SF: 5’-AGTTACTTTAGGGATAACAGCGT-3’ and 
ApalPlen16SR: 5’-CTTTTAATTCAACATCGAGGTCG-3’), to allow the 
amplification of an 83bp fragment of the 16S mtDNA gene (Figure S6). The primers 
were assessed in vitro using positive control tissue (crayfish tail fan clips and moults) 
from 15 different signal and white-clawed crayfish individuals. DNA was extracted 
using Qiagen® DNeasy Blood and Tissue Kit (Qiagen, UK), eluted in 100 µl, and 
amplified in end-point PCR using the following ApalPlen16S protocol: 95 oC for 3 
min, followed by 40 cycles of 95 oC for 30 s, 61.5 oC for 30 s and 72 oC for 45 s with 
a final elongation step of 72 oC for 10 min. All amplified PCR products were checked 
for the correct amplicon size using a 2% agarose gel electrophoresis. Primers were also 
tested on tissue samples from a second invasive crayfish species established in the UK, 
the virile crayfish (Orconectes cf. virilis), and against a related species commonly 
found in the same environment, the freshwater shrimp (Gammarus sp.) to check for 
non-specific amplification. 
 
DNA from the ex-situ eDNA samples for signal crayfish and white-clawed crayfish 
were extracted using Qiagen® DNeasy Blood and Tissue Kit (Qiagen, UK), eluted in 
100 µl, and amplified with ApalPlen16S primers. PCR products were run in a 2% 
agarose gel to check for correct amplicon size against positive controls (extracted 
crayfish tail clip), purified and analysed using Sanger Sequencing on an ABI Prism 
277 DNA sequencer. Resulting sequences were aligned using BioEdit v. 5.0.9 (using 
the ClustalW program) and inputted to BLAST (Ye et al. 2006) to confirm the species 
identity.  
 
7.4. qPCR optimisation 
Specific in vitro testing of RT-qPCR-HRM analysis was performed for both signal 
crayfish and white-clawed crayfish samples to ensure that each species could be 
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identified based on their specific differential PCR product melt temperatures. 
Annealing temperature for ApalPlen16S primers was optimised at 61.5 oC and 
resulting efficiency values at this temperature for both species were 92.0 and 93.8% 
for signal crayfish and white-clawed crayfish, respectively. For optimisation, the 
ApalPlen16S-qPCR cycling protocol began with 15 min of denaturation at 95 oC, 
followed by 40 cycles of 95 oC for 10 s and 61.5 oC for 30 s. A HRM step was applied 
to the end of RT-qPCR reactions, ranging from 55 oC to 95 oC in 0.1 oC increments to 
assess the consistency of amplicon melt temperature (tm) for both crayfish species. 
Limit of detection (LOD) and limit of quantification (LOQ) were determined through 
running a dilution series ranging from 5 ng/µl to 5 x 10-7 ng/µl, using DNA pools for 
both species. HRM analysis was conducted on a minimum of 12 and a maximum of 
15 individuals from several signal crayfish and white-clawed crayfish populations to 
account for any potential intraspecific variation in qPCR product tm (Table 6). qPCR-
HRM analysis was undertaken comparing two master mixes, SYBR® Green (Bio-Rad, 
UK) and SsoFast™ EvaGreen® (Bio-Rad, UK), assessing consistency and 
reproducibility of both with relation to melt curve profiles (Table 6). To assess ability 
to detect both crayfish species in the same reaction, equal volumes of signal crayfish 
and white-clawed crayfish DNA were pooled together from ten different individuals 
of both species at various concentration ratios (ranging from 50:50 to 10:90).   
 
Once the in vitro testing was complete for positive controls, further testing was 
undertaken for the eDNA samples collected in the assay validation study to ensure that 
the primers would amplify environmental DNA samples and to assess the minimum 
levels of detection of eDNA samples. 
 
7.5. Multiplex optimisation 
For the A. astaci multiplex assay, optimisation of primer quantity and concentration 
was undertaken by combining the two sets of primers (ApalPlen16S and AphAstITS; 
(Vrålstad et al. 2009) at starting concentrations between 1 µM and 20 µM. Equal 
concentrations of each set of primers at 5 µM produced the most efficient co-
amplification for both sets of primers, with poor amplifications resulting in 
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concentrations from 1 to 4 µM and above 6 µM starting concentration. Uninfected 
crayfish DNA controls were obtained through extraction of a tail fan clip from non-
infected individuals and A. astaci-positive samples were obtained from a previous 
study by Cardiff University (James et al. 2017), where an infected crayfish tail fan 
clip, melanised soft cuticle and walking leg tissue were pooled together and DNA 
extracted for A. astaci screening.  
 
The final optimised multiplex qPCR reactions were carried out in a final volume of 10 
µl, which contained 2 µl 5 x HOT FIREPol® EvaGreen® qPCR Mix Plus ROX (Soils 
Biodyne, Estonia), 0.4 µl of primer mix (5 µM), 1 µl template DNA at 5 ng/µl and 6.6 
µl of ultrapure water. The amplification was carried out using a Bio-Rad CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad, UK). The PCR protocol was as follows: 
once cycle of initial activation at 95 oC for 12 min, followed by 40 cycles of 95 oC for 
15 s, 61.5 oC for 20 s and 72 oC for 20 s. After the PCR reaction, a melt curve program 
was set, which ran from 65 oC to 95 oC by raising 1 oC for 10 s each step. The resulting 
curve was then used to assess the presence/absence of A. astaci and target crayfish 
species DNA based on the species-specific melting temperatures of the DNA product 
(A. astaci = 82.9 oC; signal crayfish = 75.9 ± 0.2ºC and white-clawed crayfish = 76.6 
± 0.2ºC) which were identified during optimization of the multiplex assay.  
 
7.6. eDNA in situ analyses 
eDNA extraction from 407 field samples (Table 5) was performed using Qiagen® 
DNeasy Blood and Tissue Kit (Qiagen, UK), following the manufacturer’s 
instructions, apart from a reduction in the elution volume from a single elution step of 
200 µl to two elution steps of 50 µl to maximise DNA yield. DNA extractions took 
place in a dedicated eDNA area within an extraction cabinet, equipped with a UV light 
and a flow-through air system to minimise chances of contamination. Extractions were 
conducted wearing eDNA-dedicated laboratory coat, face mask and gloves. Samples 
were amplified in triplicate in a Bio-Rad CFX96 Touch Real-Time PCR Detection 
System (Bio-Rad, UK), in 10 µl reactions consisting of 5 µl SsoFast™ EvaGreen® 
Supermix (Bio-Rad, UK), 0.25 µl each ApalPlen16SF and ApalPlen16SR, 3.5 µl 
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HPLC water and 2 µl extracted DNA. Amplifications were carried out in triplicate 
using standard ApalPlen16s-qPCR protocol as described above and only samples 
which amplified consistently in at least two replicates at the target DNA product tm 
(either 73.9 ± 0.2 or 74.8 ± 0.2  oC), with a melt rate above 200 -d(RFU)/dT were 
considered to be a positive result.  qPCR reactions were carried out in a separate room 
to eDNA extractions under a PCR hood with laminar flow. Two positive controls per 
species were added to each plate once all the eDNA samples were loaded and sealed 
to prevent false positives in the eDNA samples. Two amplification negative controls 
consisting of HPLC water and two extraction negative controls were also added in the 
same well location on each plate test for contamination in eDNA samples. 
 
A subset of positive field samples, along with a positive control for each crayfish 
species were re-amplified using end-point PCR, purified and cloned into pDrive 
plasmid cloning vector (Qiagen PCR Plus Cloning Kit, Qiagen, UK). Three to nine 
clones per sample were sequenced using T7 and SP6 primers on an ABI Prism 377 
sequencer.  
 
8. RESULTS 
8.1. Assay validation and detection rates 
Reference DNA was successfully extracted and amplified in triplicate from signal 
crayfish and white-clawed crayfish positive controls (tail clips and moults/carcasses) 
and species confirmed by Sanger Sequencing of the 83bp fragment of the 16S mtDNA. 
DNA from signal crayfish was detected in all water samples taken at different time 
points from the ex-situ study. eDNA concentrations marginally decreased overtime but 
remained detectable (Figure 6). DNA from native crayfish was also amplified in all 
nine water samples from the reference hatchery. No amplification bands were present 
in any of the negative controls (tank, extraction and amplification).  
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Figure 6. Average eDNA concentration across all ex-situ samples for the three time 
points (T0 = time of crayfish removal; T1 = 24 hrs post crayfish removal; T2 = 48 hrs 
post crayfish removal.  
 
8.2. Crayfish detection limits 
The results of the qPCR optimisation indicated that the limit of detection (LOD) of 
both signal crayfish and white-clawed crayfish DNA was 0.005 ng/µl, after a 10-fold 
dilution series. The detection threshold for amplification of positive control DNA used 
for optimisation from both species was between 16 and 28 cycles, and the melting 
temperatures (tm) of the DNA products were consistent for both signal crayfish and 
white-clawed crayfish, with no overlap between the two species (Table 6; Figure S7). 
SsoFast™ EvaGreen® multiplex master mix performed more consistently than the 
SYBR® Green master mix, with a lower standard deviation for average tm, average 
peak height, average start melt temperature and average end melt temperature (Table 
6; Table S8; Figure S8). Results of the qPCR analysis of mixed proportions of signal 
crayfish and white-clawed crayfish DNA confirmed that it is possible to discriminate 
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between positive amplifications of eDNA for single crayfish species vs. mixed crayfish 
species (signal crayfish and white-clawed crayfish). Diagnostic peaks in early product 
melt temperatures were present for all amplifications containing 90:10 to 50:50 ratios 
of signal crayfish: white-clawed crayfish DNA (Table S9; Figure 7).  
 
 
 
 
 
 
Figure 7. Melt peaks from SsoFast™ EvaGreen® mixed DNA ratios of crayfish 
species (Pacifastacus leniusculus and Austropotamobius pallipes) qPCR 
amplifications (A). 10:90 Pacifastacus leniusculus: Austropotamobius pallipes to 
90:10 Pacifastacus leniusculus: Austropotamobius pallipes.  
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Table 6. Summary of average values from qPCR outputs for both Pacifastacus 
leniusculus and Austropotamobius pallipes. Average melt temperature (oC; Avg. tm); 
Average melt peak height (Avg. peak height); Average start melt temperature (oC; 
Avg. start melt); Average end melt temperature (oC; Avg. end melt) of resultant qPCR 
products with standard deviation. Values were obtained for each individual over at 
least three separate runs, each consisting of three replicates and negative control 
blanks. 
Species/Master 
Mix 
Sample 
size 
(N) 
Avg. tm 
(oC) (±SD) 
Avg. peak 
height (±SD) 
Avg. 
start 
melt 
(oC) 
(±SD) 
Avg. end 
melt (oC) 
(±SD) 
Pacifastacus 
leniusculus / 
SYBR® Green 
15 72.7 (0.2) 376.3 (40.8) 
69.5 
(0.4) 
75.5 (0.3) 
Austropotamobius 
pallipes / 
SYBR® Green 
12 73.6 (0.2) 382.7 (30.7) 
70.4 
(0.3) 
76.7 (0.3) 
Pacifastacus 
leniusculus / 
SsoFast™ 
EvaGreen® 
15 73.9 (0.2) 397.6 (36.4) 
71.1 
(0.2) 
76.6 (0.2) 
Austropotamobius 
pallipes / 
SsoFast™ 
EvaGreen® 
12 74.8 (0.2) 449.1 (21.6) 
71.8 
(0.3) 
77.2 (0.2) 
 
8.3. Simultaneous detection of crayfish and Aphanomyces astaci 
The multiplex assay for simultaneous crayfish and A. astaci detection resulted in two 
products with an average tm of 75.9 ± 0.2 ºC for signal crayfish (or 76.6 ± 0.2 ºC for 
white-clawed crayfish; four individuals) and 82.9 oC for A. astaci. DNA controls from 
four A. astaci-infected signal crayfish individuals (pool 1 – pool 3) were successfully 
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amplified with two products of the corresponding temperatures. Amplification of 
uninfected signal crayfish DNA resulted in a single product with tm of 75.9 ± 0.2 ºC 
(Figure 8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. qPCR product melt peak output for multiplex amplification of DNA using 
optimised HOT FIREPol® EvaGreen® from three different Pacifastacus leniusculus 
individuals and Aphanomyces astaci DNA in the same qPCR reaction (Pool 1-3), 
displaying the diagnostic double melt peaks at 75.9 ± 0.2 oC for Pacifastacus 
leniusculus and 82.9 oC for Aphanomyces astaci. Control PL = Pacifastacus 
leniusculus control for HOT FIREPol qPCR (73.9 ± 0.2).   
 
 
8.4. Crayfish species distribution and infection status 
For Welsh sites, crayfish trapping confirmed the presence of signal crayfish (11 caught 
across 3 different sites; Table 7) in positive sites, whereas no white-clawed crayfish 
were caught, despite visual confirmation of the species upon collecting traps. Signal 
crayfish eDNA was successfully detected around each of the three traps in the 
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reservoir. qPCR detected signal crayfish eDNA at all three confirmed sites for the 
species and white-clawed crayfish eDNA was detected within the confirmed tributary 
for the species. Additionally, signal crayfish eDNA was detected in one of the 
unknown crayfish status sites in the river Taff whereas there was no positive detection 
of white-clawed crayfish in any of the other the sites with unknown presence of the 
species (Figure 9, Table 8). For the River Itchen, white-clawed crayfish were 
successfully detected in the headwater stream (I1) at a site where they have been 
visually confirmed and similarly signal crayfish were detected in a majority of sites 
known to be positive for signal crayfish (Table S10 and S11). There was also evidence 
of potential range expansion for signal crayfish, as DNA from this species was 
successfully detected at sites previously considered to be exclusively white-clawed 
crayfish sites (I5, I7, I10). 
 
In both the Medway and Itchen there was evidence of signal crayfish and white-clawed 
crayfish coexisting in two sampling sites, based upon the unique melt profiles 
produced in qPCR (Figure 10). One site in the Medway was positive for both crayfish 
species (diagnostic sigmoidal melt at start of melt curve) and one site in the Itchen was 
also positive for both species (Figure 10). Both signal crayfish and white-clawed 
crayfish were also detected in the Medway and Itchen in separate areas (white-clawed 
crayfish: Medway (2 sites), Itchen (4 sites); signal crayfish: Medway (3 sites), Itchen 
(9 sites). 
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Table 7. Location of crayfish traps in corresponding waterbodies in the Wye catchment and number of crayfish caught per trap. 
Waterbody Temp 
(oC) 
Flow 
Rate 
(m/s) 
pH  Trap 
depth 
(m) 
No. 
Traps 
No. Crayfish 
Caught 
No. Traps 
Containing 
Crayfish  
Trap 
Coordinates 
No. 
Samples  
Pacifastacus 
leniusculus 
DNA detected? 
Sgithwen  12 1.5 7.40 1 2 0 0 SO 11190 41410 
SO 10750 42740 
0 N/A 
Bachowey 
Stream 
12 0.4 7.60 0.75 11 3 2 SO 10750 42740 
SO 13800 45700 
SO 18560 47130 
SO 18477 47077 
SO 17150 46130 
SO 18514 47107 
6 No 
Bachowey Pond 18 N/A 7.40 1 4 0 0 SO 18540 47180 0 N/A 
Edw River 13 0.3 7.50 1 3 0 0 SO 12407 52105 
SO 11210 48690 
SO 08473 47123 
0 N/A 
Duhonw River 11 0.6 7.40 1 2 0 0 SO 03776 48781 0 N/A 
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SO 02774 47102 
Pant-y-Llyn 
Reservoir 
18 N/A 7.40 >1 3 8 3 SO 18498 47083 9 Yes 
 
 
 
 
 
 
 
 
 
 
Figure 9. Melt peak profile for SsoFast™ EvaGreen® eDNA qPCR amplifications of positive amplifications for both Pacifastacus 
leniusculus in the River Taff. The three largest sets of peaks correspond to positive control tissue (one sample in triplicate) for both 
Pacifastacus leniusculus (74.9 oC), Austropotamobius pallipes (75.9 oC) and Aphanomyces astaci (82.9 oC). Subsequent peaks represent 
eDNA field sample melt peaks from nine samples (in triplicate) for invasive Pacifastacus leniusculus. Non-template control has no melt 
profile (flat line). 
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Figure 10. Melt peaks from SsoFast™ EvaGreen® eDNA qPCR amplifications for 
the Medway catchment site 5 (A) and Itchen catchment at site 8 (B). 
 
A. astaci was confirmed in all sites in the river Bachowey, resulting in two products 
with melt peaks at 75.9 ± 0.2 and 82.9ºC for the signal crayfish and plague agent 
respectively. All other sites positive for signal crayfish and white-clawed crayfish were 
negative for A. astaci, which was not detected in the rivers Medway or Itchen, despite 
the coexistence of both crayfish species. 
 
A subset of five positive amplifications was selected (one for white-clawed crayfish 
and four for signal crayfish) to confirm species identity by cloning and sequencing. 
B 
A 
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Out of 36 successfully transformed clones for the field samples of signal crayfish (nine 
for each sample), between two and nine clone sequences per sample matched 100% 
with signal crayfish on BLAST (Ye et al. 2006); remaining clones were a product of 
non-specific amplification. For white-clawed crayfish field samples, two out of 3 
clones from the positive field sample matched 100% for white-clawed crayfish. All six 
positive control clones matched 100% with respective crayfish species (signal 
crayfish/white-clawed crayfish).  
 
Table 8. Melt data from SsoFast™ EvaGreen® eDNA qPCR amplifications for the 
Taff catchment. 
Mastermix Catchment Sample ID Melt Temperature (oC) 
SsoFast™ EvaGreen® Taff 5B 73.80 
SsoFast™ EvaGreen® Taff 5B 73.80 
SsoFast™ EvaGreen® Taff 5B 73.80 
SsoFast™ EvaGreen® Taff 5B 74.00 
SsoFast™ EvaGreen® Taff 5C 73.80 
SsoFast™ EvaGreen® Taff 5C 73.80 
SsoFast™ EvaGreen® Taff 5C 73.90 
SsoFast™ EvaGreen® Taff 5C 73.60 
SsoFast™ EvaGreen® Taff 5D 74.00 
SsoFast™ EvaGreen® Taff 5D 73.80 
SsoFast™ EvaGreen® Taff 5D 73.70 
SsoFast™ EvaGreen® Taff PC_SC 73.70 
SsoFast™ EvaGreen® Taff PC_SC 73.70 
SsoFast™ EvaGreen® Taff PC_SC 73.70 
SsoFast™ EvaGreen® Taff PC_NC 74.70 
SsoFast™ EvaGreen® Taff PC_NC 74.70 
SsoFast™ EvaGreen® Taff PC_NC 74.70 
SsoFast™ EvaGreen® Taff MB None 
SsoFast™ EvaGreen® Taff MB None 
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Sample ID: PC_SC Signal crayfish positive DNA control, PC_NC Native crayfish 
positive DNA control, MB Amplification negative control 
 
 
9. DISCUSSION 
By using a novel multiplex approach, I could simultaneously detect the presence of 
the endangered white clawed crayfish and the highly invasive North American signal 
crayfish within a catchment that was free of crayfish plague. In contrast, I did not 
detect any native crayfish or coexistence of both species in tributaries where the 
pathogen was identified. A common impact of invasive species on native populations 
is the transmission of pathogens. Many non-native species not only introduce novel 
pathogens (Miaud et al. 2016) but also act as non-clinical carriers, facilitating their 
dispersal (Andreou et al. 2012). In this way, pathogens can act as biological weapons 
that allow invasive species to outcompete their native counterparts (Vilcinskas 2015), 
as in the case of the UK native crayfish, highly susceptible to the plague carried out, 
mostly asymptomatically, by the invasive signal crayfish (Andreou et al. 2012). As 
highlighted in the principles adopted by the Convention on Biological Diversity on 
invasive species, prevention and early detection should represent the priority responses 
to invasive species to allow for rapid response and more cost-effective removal when 
possible (Simberloff et al. 2013) and my study is the first one to combine eDNA and 
HRM for early detection of novel pathogens carried by non-native species, being 
particularly relevant for management and conservation in relation to aquatic biological 
invasions. My protocols followed the most updated guidelines for the use of eDNA for 
aquatic monitoring (Goldberg et al. 2016), ensuring the consistency of my results. I 
first validated this method with positive controls and by detecting both native and 
SsoFast™ EvaGreen® Taff MB None 
SsoFast™ EvaGreen® Taff MB None 
SsoFast™ EvaGreen® Taff MB None 
SsoFast™ EvaGreen® Taff MB None 
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signal crayfish in sites where they had been previously observed as well as detecting 
A. astaci in a recognised infected river. 
 
Only native or invasive crayfish (not both species coexisting) were expected in the 
Wye catchment, where some populations of signal crayfish are known to be carriers 
of the plague and have been established for a sufficient amount of time to entirely 
displace native white-clawed crayfish from most of the species’ historical locations 
(Dunn et al. 2009; James et al. 2014b), and this was supported by our results. This 
multiplex approach successfully identified A. astaci in the Bachowey stream and signal 
crayfish in an associated pond less than 10 m from this stream, revealing the presence 
of infected crayfish further upstream than previously detected (James et al. 2017), 
despite previous intensive trapping of signal crayfish, which removed 36,000 
individuals from the area between 2006 and 2008 (Wye & Usk Foundation 2012). I 
also detected the endangered crayfish white-clawed crayfish in spite of its very low 
abundance in the Sgithwen, made apparent by lack of trapping success, highlighting 
the sensitivity of the method.  
 
In the rivers Medway and Itchen, where invasions date back to the 1970s (NBN 2009), 
both signal crayfish and white-clawed crayfish had been previously reported but the 
crayfish plague status was unknown. I did not find A. astaci DNA in any samples from 
either catchment but found both the native and the invasive species coexisting in at 
least two sampling sites. This could be explained by the absence of plague, as A. astaci 
is often the main cause of white-clawed crayfish population declines (Haddaway et al. 
2012). I detected both species in the Medway, which combined with the absence of 
crayfish plague DNA presence suggests this could be a location where both species’ 
populations are stable (Bubb et al. 2005; Kozubíková et al. 2008). Populations of signal 
crayfish and white-clawed crayfish can coexist for a substantial length of time (c.25 
years), as has been observed in other invasive-native crayfish population assemblages 
(Kozubíková et al. 2008; Peters and Lodge 2013; Schrimpf et al. 2012), providing that 
there is no introduction of A. astaci (Kozubíková et al. 2008; Schrimpf et al. 2012). 
However, due to competitive exclusion, it is unlikely that populations of both species 
will coexist indefinitely (Schrimpf et al. 2012; Westman et al. 2002), therefore areas 
63 
 
where they overlap should be prioritised for management and control of the invasive 
species.  
 
Detectability was variable among sampling seasons. There were more positive signal 
crayfish field samples from the sampling of Wye sites in October 2016 compared to 
the samples collected in July 2015 from the same sites, with three and one positive 
samples respectively. For white-clawed crayfish, the only positive field samples for 
the Welsh sites were from samples collected in October; however eDNA from both 
signal crayfish and white-clawed crayfish was successfully detected in the Medway 
samples in June. 
 
Seasonal differences could be due to the influence of temperature on eDNA detection 
rates among aquatic species; with every 1.02 oC rise in temperature, species are 1.7 
times less likely to be detected, especially if the populations are at very low abundance 
(Moyer et al. 2014), whereas time since DNA release seems to have less effect on 
detectability at constant temperature (Eichmiller et al. 2016; Moyer et al. 2014). As 
temperatures in the Wye catchment were around six degrees colder in the stream sites 
and up to 14 degrees colder in still water bodies in October compared to July, this 
could explain the differences in detection success among samplings in the Wye 
catchment (Eichmiller et al. 2016; Moyer et al. 2014). However, temperatures in the 
Medway were similar to those in the Wye in July suggesting that the differences in 
detectability between catchments could be due to differences in population size or to 
local environmental conditions increasing DNA degradation rates in the Wye (Barnes 
et al. 2014; Dougherty et al. 2016; Jane et al. 2015; Pilliod et al. 2014). In contrast, A. 
astaci sporulation occurs most efficiently at temperatures nearer 20 oC, which could 
result in more spores being present in the river system in the summer months in 
comparison to any other time of the year (Wittwer et al. 2018). Released zoospores 
can only survive up to three days without a host and encysted spores survive up to two 
weeks in water, particularly during summer months when average temperatures of 
flowing and enclosed waterbodies are above 18 oC (Diéguez-Uribeondo et al. 1995; 
Unestam 1966), meaning it is possible to achieve a relatively real-time picture of A. 
astaci prevalence in water samples (Wittwer et al. 2018). Lower abundance of A. astaci 
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spores in colder temperatures could explain lack of detection of A. astaci in the 
October samples at the positive July sites in the Wye catchment (Strand et al. 2014), 
although detection levels could also have been affected by natural variation in  
population levels of plague infection (James et al. 2017). Considering this variability, 
seasonal samplings repeated over at least two years are advisable to reliably map the 
presence/absence of native and invasive crayfish and determine their infectious status.  
 
In contrast to other essays developed for crayfish detection (Agersnap et al. 2017; Cai 
et al. 2017; Dougherty et al. 2016; Mauvisseau et al. 2018), my single, closed tube 
reaction, reduces not only the processing time and number of reactions but also the 
risk of contamination inherent to carry out a larger number of amplifications. HRM 
has already proved highly specific and useful for multiple species identification (Naue 
et al. 2014) and for the management of terrestrial invasive species (Ramón-Laca et al. 
2014) but had never been applied to the detection of aquatic invasive species and their 
impacts using eDNA water sampling. Implementation of this multiplex assay provided 
three-fold biological information (invasive/native/pathogen) on target species’, which 
allows to assess potential contributing factors to native crayfish decline (such as the 
presence of invasive crayfish and crayfish plague) with greater sensitivity, specificity 
and efficiency than trapping (Barnes and Turner 2015) or single-species assays, 
essential to inform effective conservation and management strategies (Thomsen and 
Willerslev 2015). 
In addition to detecting multiple species in a single reaction, my method has also 
proved useful for monitoring target species in flowing water bodies. This is important 
for early detection of invasive crayfish which use rivers and streams as a means for 
dispersal (Bubb et al. 2004) and particularly for white-clawed crayfish whose detection 
was marginally better using eDNA (7%) than trapping (0%).  In terms of sampling 
effort, eDNA tends to be more time effective than trapping (Smart et al. 2015). 
However, I failed to detect crayfish in the deep reservoir at Pant-Y-Llyn using eDNA, 
where trapping had revealed the presence of signal crayfish. Taxonomic groups such 
as fish and amphibians shed significantly more DNA into the environment compared 
to invertebrate species, especially those with a hardened exoskeleton such as the 
crayfish (Thomsen et al. 2012; Tréguier et al. 2014). This reduced release of 
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extracellular DNA can lower the detectability of crayfish, resulting in an increased 
occurrence of false negatives (Ikeda et al. 2016), particularly when the concentration 
of DNA is low due to few individuals or large water volumes (Tréguier et al. 2014). 
The nature of the crayfish exoskeleton combined with the depth of the reservoir 
prevented samples being taken near the sediment where the crayfish reside could 
account for observed lack of detection at the Pant-y-Llyn site (Tréguier et al. 2014). 
Collection of sediment samples in addition to water could improve levels of detection 
of target species, because DNA from sediment can last longer and be more 
concentrated than in water  (Turner et al. 2015). 
 
Conservation efforts rely on efficient, standardised methods for collecting biological 
data, which advance beyond the limitations of traditional sampling methods (Thomsen 
and Willerslev, 2015). Ecosystem management and conservation strategies strive to 
protect biodiversity through preventing invasions from novel species (thus the need 
for early detection) and effectively monitoring rare native species to preserve hotspots 
and ark sites (Lodge et al. 2012). Environmental DNA has been directly used as a 
conservation tool to survey both invasive (e.g.(Takahara et al. 2013; Tréguier et al. 
2014) and endangered native species (e.g. (Olson et al. 2012; Sigsgaard et al. 2015) 
and I have shown how an eDNA-based qPCR-HRM multiplex approach can identify 
invasive hosts and their pathogens as well as refugia for the native species. This was 
particularly important to identify areas of coexistence between aquatic native and 
invasive crayfish (e.g. at the early stages of invasion or where crayfish plague is absent; 
(Schrimpf et al. 2012), which could be prioritised for long-term conservation plans.  
 
Incorporating this tool to monitoring programmes for conservation significantly 
reduces the costs of sample processing compared to species’ targeted methods. This 
method can ultimately help in the early detection and prevention of dispersal of 
invasive hosts and pathogens in threatened freshwater ecosystems, as well as in 
determining suitable locations for the potential reintroduction of the native species to 
historic habitats.  As genomic technology advances, environmental DNA assays 
should continue to provide additional information, including more accurate data on 
species abundance and biomass in both lotic and lentic systems (Bohmann et al. 2014; 
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Rees et al. 2014) as well as development of additional multiplexes to simultaneously 
detect numerous target species of conservation interest.  
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CHAPTER 3 
Effect of artificial barriers on the distribution of the invasive 
signal crayfish and Chinese mitten crab3  
Pages 67 – 91 
Supporting information (pages 154 – 174) 
 
 
 
 
 
                                                          
3 This chapter is based on manuscript ‘Robinson, C.V., Garcia de Leaniz, C, Consuegra, S. Effect of 
artificial barriers on the distribution of the invasive signal crayfish and Chinese mitten crab. (In review: 
Scientific Reports).’ 
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10. CHAPTER 3: INTRODUCTION 
 
Signal crayfish and Chinese mitten crab are highly invasive species and both 
negatively impact on local ecosystems, primarily through competing with native 
counterparts for resources and causing physical damage to banks and levees through 
burrowing (Bubb et al. 2004; Dittel and Epifanio 2009). Both species have the 
potential to displace native white-clawed crayfish due to a combination of their 
aggressive competitive nature and their role as asymptomatic carriers of the crayfish 
plague pathogen (Aphanomyces astaci (Filipová et al. 2013; James et al. 2017). In 
some river catchments in Great Britain, signal crayfish and mitten crabs have been 
reported to coexist, particularly throughout the winter months (NBN 2009, 2015), and 
in highly modified and/or fragmented systems (CanalPlan 2015).  
 
Impoundments can facilitate the establishment of aquatic invasive species (Johnson et 
al. 2001), however there is little research regarding the impact of barriers on the 
movement of AIS able to disperse overland such as signal crayfish and mitten crabs. 
eDNA methodology can facilitate the assessment of upstream movement of invasive 
crayfish species in relation to river barriers (Cowart et al. 2018), which is vital 
information for the designation of upstream ark sites for endangered native crayfish 
(Bubb et al. 2004; Frings et al. 2012; Kerby et al. 2005). 
 
Over the last five years, an increasing number of biological monitoring research papers 
have consisted of the use of eDNA as a means to determine presence (Laramie et al. 
2015; Takahara et al. 2013) and abundance of invasive species including crayfish (Doi 
et al. 2017; Mizumoto et al. 2018; Tillotson et al. 2018). In freshwater systems, the 
lotic nature of rivers results in downstream transport of eDNA from source 
individual(s), which often results in reduced detection rates and causes spatial issues 
when attempting to estimate species distribution (Deiner and Altermatt 2014; 
Thomsen et al. 2012), especially invertebrates with low DNA shedding rates, such as 
invasive crayfish and mitten crabs (Rice et al. 2018).  
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Previous studies have been able to successfully detect invasive signal crayfish in river 
systems from eDNA water samples (Harper et al. 2018; Chapter 2), however there is 
limited literature regarding the use of aquatic sediment as a reliable environmental 
DNA sample option despite the likelihood of eDNA being more readily available in 
sediment due to the benthic nature of crayfish (Figiel and Bohn 2015; Geerts et al. 
2018). Aquatic sediments have long been considered a viable source of DNA 
(Willerslev et al. 2003; Pietramellara et al. 2009), due in part to the adsorbing nature 
of materials found within sediments (e.g. Humic acid and clay minerals), which bind 
to DNA molecules (Levy-Booth et al. 2017; Pietramellara et al. 2009). Sedimentary 
DNA is derived from the release of extracellular DNA from organisms into the 
surrounding aquatic environment (i.e. faeces, skin cells), which sink and ultimately 
deposited into the surficial sediment (Leff et al. 1992). The persistence of DNA within 
sediments can vary greatly (e.g. 132 days (Turner et al. 2015) to >4800 years (Giguet-
Covex et al. 2014)), depending on the depth of deposition (Levy-Booth et al. 2017) 
and therefore the temporal reliability of eDNA detected within sediments can be 
problematic when attempting to asses current occupancy of target species in eDNA 
studies (Turner et al. 2015). However, in lotic systems where new sediment is 
deposited regularly, the surficial sediment (0-15cm surface layer) can provide 
information on species presence over a shorter temporal window (days to several 
years; Nielsen et al. 2007). 
 
For this chapter, I aimed 1) to assess the relative effects of artificial barriers on both 
signal crayfish and mitten crabs through the use of eDNA in water and sediment and 
2) investigate locations of shared site occupancy for both target species using eDNA. 
 
11. METHODS 
11.1. Sample sites and eDNA collection 
Samples were collected at three river systems with differing levels of fragmentation: 
River Medway (14 barriers; Figure 11; Table S12), River Dee (four barriers; Figure 
12; Table S12) and River Stour (no barriers; Figure 11) in July/October 2016 with the 
assistance of North Wales Wildlife Trust (Dee). The River Medway spans 113 km 
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from West Sussex to Sheerness (Spencer et al. 2003). In comparison, the River Dee is 
considerably more connected than the Medway and runs 110km from source at Dduallt 
to the Dee estuary (Gurnell et al. 1994). Thirdly, the River Stour, a highly connected 
river,  begins at Lenham and runs 82.4 km to Pegwell Bay (de Vos et al. 2002). All 
three river systems are known to sustain populations of both signal crayfish and mitten 
crabs; signal crayfish generally occupies the upper to middle reaches and mitten crabs 
found to occupy the middle to lower reaches (NBN 2009, 2015). Sampling took place 
in the high-mid to lower catchment of each river (Figure 11 and Figure 12). 
 
A total of 11 sites were sampled in the River Medway and River Dee, three sites were 
sampled in the River Stour (Table 9). Samples were collected at regular intervals 
(average distance of 7.8 km between each site) down all three rivers where possible 
and distance from each samples site to nearest barrier upstream and downstream was 
measured for the Medway and Dee (Table S13). Three water samples of 30 mL were 
taken at each site (one on either side of river near bank and one in central channel), at 
a minimum of 1 m depth (where possible) for all river systems. After collection, 30 
mL samples were split into two 15 mL samples to create technical replicates, resulting 
in six samples per site and each 15 mL sample was added to 33 mL of absolute ethanol 
and 1.5 mL 5M sodium acetate in a 50 mL Falcon tube and tubes were subsequently 
placed on ice before being stored upright at -20oC until DNA extraction. Negative 
controls consisting of ultrapure water in place of DNA were taken both before 
sampling and at the end of each sampling effort per site to test for any DNA carryover 
between sites resulting in false positives. In addition to water samples, two 5g sediment 
samples were collected at each site where possible for all river systems. Due to lack of 
sediment cohesion at a majority of sites, a sterile 15 mL Falcon tube was used to collect 
5 mL from the top 2 cm of sediment (Turner et al. 2015).  I collected eDNA water 
samples prior to collecting sediment samples, to ensure DNA being collected was 
derived from the water and not from re-suspension of fragments from the sediment 
during collection (Turner et al. 2015). Sediment was stored on ice and then kept frozen 
at -80oC until DNA extraction. Environmental conditions including temperature, flow 
rate, shade cover, bank consistency (concrete vs. mud/clay) and also bank angle 
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(rounded up to nearest 5o) in relation to river/pond water were recorded for each site 
(Table 9).  
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Table 9. Site information for eDNA sample collection in the River Medway (M), River Stour (S) and River Dee (D) including site name, 
GPS coordinates of site, temperature (oC), flow rate (m/s), shade level (0-3), sediment collection status (yes/no), bank consistency 
(concrete vs. mud/clay) and bank angle in relation to waterbody (left and right in relation to downstream direction of water flow). 
Site Site Name Site Type River 
System 
GPS Temp. (oC) Flow Rate (m/s) Shade 
(0 - 3) 
Sediment 
collected? 
(yes/no) 
Bank 
consistency 
Bank 
angle 
left (o) 
Bank 
angle 
right (o) 
M1 Tonbridge 
Castle 
River Medway TQ 59089 
46489 
17 0.2 0 No  Concrete 90 90 
M2 Tudeley 
Brook 
Stream Medway TQ 67472 
48254 
15 0.3 0 No  Mud/clay 75 55 
M3 Puttenden 
Lake 
Pond Medway TQ 60810 
51347 
17 N/A 2 Yes Mud/clay 30 N/A 
M4 Canoe 
Landing 
River Medway TQ 68987 
49924 
18 0.2 1 No  Concrete 90 90 
M5 Horse 
Farm 
River Medway TQ 72866 
48687 
16 0.25 1 No  Mud/clay 70 80 
M6 Summerhi
ll Road 
Stream Medway TQ 77297 
46511 
14 0.1 3 Yes Mud/clay 85 85 
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M7 Green 
Lane 
Stream Medway TQ 72843 
45680 
13 0.2 1 Yes Mud/clay 65 70 
M8 Teston 
Bridge 
River Medway TQ 70880 
53290 
15 0.2 1 Yes Mud/clay 90 90 
M9 Farleigh 
Station 
River Medway TQ 73478 
53564 
16 0.4 0 No  Concrete 90 90 
M1
0 
Asda River Medway TQ 75665 
55630 
17 0.3 0 No  Concrete 90 90 
M1
1 
Leybourne 
Lakes 
Lake Medway TQ 70192 
59812 
19 N/A 2 Yes Mud/clay 30 N/A 
ST1 Gore 
Street 
Stream Stour TR 26937 
63415 
17 0.25 2 No  Mud/clay 55 50 
ST2 Grove 
Ferry 
Road 
River Stour TR 23499 
63189 
18 0.1 1 No  Mud/clay 65 70 
ST3 Fordwich River Stour TR 17922 
59782 
17 0.5 1 Yes Concrete 90 90 
D1 NRW Bala River Dee SH 93341 
35505 
15 N/A 0 Yes Mud/clay 25 55 
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D2 Cilan River Dee SJ 02021 
37388 
15 N/A 1 Yes Mud/clay 50 45 
D3 Carrog River Dee SJ 02080 
37443 
16 N/A 0 Yes Mud/clay 20 60 
D4 Llangollen 
Serpents 
River Dee SJ 20486 
43565 
15 N/A 3 Yes Mud/clay 85 50 
D5 Halton 
Woods 
River Dee SJ 29494 
40857 
14 N/A 2 Yes Mud/clay 50 45 
D6 Eyton Hall River Dee SJ 36286 
44256 
13 N/A 1 Yes Mud/clay 55 60 
D7 Sutton 
Green 
River Dee SJ 41383 
47928 
13 N/A 0 Yes Mud/clay 50 25 
D8 Caldecott River Dee SJ 42500 
51100 
13 N/A 3 Yes Mud/clay 55 70 
D9 Holt River Dee SJ 40307 
56900 
14 N/A 3 Yes Mud/clay 60 65 
D10 Eccleston River Dee SJ 41592 
62289 
13 N/A 2 Yes Mud/clay 70 65 
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D11 Chester 
Meadows 
River Dee SJ 41701 
66398 
14 N/A 0 Yes Mud/clay 65 90 
 
Table 10. Catchment location, number of known river obstructions within area sampled, month/year of sample collection, number of sites 
sampled in 2016, total number of eDNA water and eDNA sediment samples collected from the River Medway, River Dee and River Stour. 
 
 
* Including field blanks 
 
 
River System Location Number of 
Known River 
Obstructions 
Month/Year Number of 
sites sampled 
Total number of 
eDNA water 
samples 
collected* 
Total number of 
eDNA sediment 
samples collected 
Medway SE England 15 July/2016 11 78 18 
Dee N Wales 4 September/2016 11 78 18 
Stour SE England 0 July/2016 3 21 3 
   TOTAL: 25 177 39 
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Figure 11. eDNA sampling sites for River Medway and River Stour. Signal crayfish DNA was confirmed at sites 1 (Tonbridge Castle), 5 
(Horse Farm), 7 (Green Lane), 8 (Teston Bridge), 10 (Asda), and 11 (Leybourne Lakes); mitten crab DNA was confirmed at site 7, 10 and 
11 in the Medway and in the Stour, both signal crayfish and mitten crabs were detected at site 7, 10 and 11. At each point, three water 
samples and between zero and three sediment samples were collected in 2016. 
 
N 
77 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. eDNA sampling sites for River Dee. Signal crayfish DNA was confirmed at sites 1 (NRW Bala), 7 (Sutton Green) and 8 
(Caldecott); mitten crab DNA was confirmed at site 7, 8 and 9 (Holt). At each point, six water samples and three sediment samples were 
collected in 2016. 
N 
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11.2. DNA extraction and qPCR optimisation 
Primers for crayfish (Chapter 2) unintentionally also amplify mitten crab DNA (non-
complementary) and therefore were used to amplify a 83 bp product of both target 
species. Primers were assessed in vitro for mitten crab using positive control tissue 
(leg muscle) from eight mitten crab individuals from three populations (Maidstone, 
Kent; Chester, Cheshire; Leeds, Yorkshire) to ensure primers continually amplify 
mitten crab DNA despite not being designed for the species. Mitten crab DNA was 
extracted using Qiagen® DNeasy Blood and Tissue Kit (Qiagen, UK), eluted in 200 
µl, and amplified in end-point PCR with the above primers using the following 
protocol: 95 oC for 3 min, followed by 40 cycles of 95 oC for 30 s, 61 oC for 30 s and 
72 oC for 45 s with a final elongation step of 72 oC for 10 min. All amplified PCR 
products were checked for the correct amplicon sizes using a 2% agarose gel 
electrophoresis. To confirm the species identity, PCR products were analysed using 
Sanger Sequencing on an ABI Prism 277 DNA sequencer. Resulting sequences were 
aligned using BioEdit v. 5.0.9 (using the ClustalW program) and inputted to BLAST 
(Ye et al. 2006). 
 
11.3. Mitten crab qPCR-HRM optimisation 
For optimisation of crayfish primers for mitten crab DNA, specific in vitro testing of 
RT-qPCR-HRM analysis was performed using SsoFast EvaGreen® qPCR Supermix 
(BioRad, UK) in a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, UK) beginning with 15 min of denaturation at 98 oC, followed by 40 cycles of 95 
oC for 15 s and 61.5 oC for 30 s. A HRM step was applied at the end of RT-qPCR 
reactions, ranging from 65 oC to 95 oC in 0.1 oC increments to assess the consistency 
of amplicon melt temperature (tm). Resulting efficiency value for mitten crab DNA at 
pre-determined annealing temperature (61.5 oC) was 105.8 %, R2 = 0.997 (previously 
determined efficiency of 100.2%, R2 = 0.986 for signal crayfish, and 107.9% Chapter 
2).  Limit of detection (LOD) and limit of quantification (LOQ) were determined for 
mitten crab through a dilution series ranging from 5 ng/µl to 5 x 10-7 ng/µl, using a 
mitten crab DNA pool. HRM analysis was conducted on seven individuals to account 
for any degree of intraspecific variation in qPCR product tm. Melt temperatures (tm) 
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generated from positive qPCR amplifications were compared to known species-
specific product tms (signal crayfish: 73.8oC ± 0.2; mitten crab: 73.2 oC ± 0.2) obtained 
through qPCR optimisation, to assess the presence/absence of all species in each qPCR 
reaction.  
 
11.4. Mixed target species qPCR-HRM optimisation 
For assessing the ability to detect target species in the same reaction, equal 
concentrations (5 ng/µl) of signal crayfish, native crayfish and mitten crab DNA were 
pooled together from seven different individuals of each species at various volume 
ratios (from 2:2:2, 1:2:2, 2:1:2 and 2:2:1 µl signal crayfish: mitten crab: white-clawed 
crayfish). Further analysis of mixed proportions was conducted with only signal 
crayfish and mitten crab DNA, because native crayfish are known to be locally extinct 
in the catchments being sampled. Different volume ratios were combined for just the 
two invasive species (signal crayfish and mitten crabs from 1:9 µl through all ratios to 
9:1 µl signal crayfish: mitten crab). 
 
11.5. eDNA in situ analyses 
DNA extraction from 177 separate field eDNA water samples (including negative 
controls) and 39 eDNA sediment samples (Table 10) was performed using Qiagen® 
DNeasy PowerSoil Kit (Qiagen, UK), following the manufacturer’s instructions, apart 
from a reduction in the elution volume from 60 µl to 50 µl, to maximise DNA yield. 
Sediment samples were extracted in triplicate (78 in total). DNA extractions were 
undertaken in a dedicated eDNA area within an extraction cabinet, fully equipped with 
flow-through air system and UV light and to minimise contamination; additionally, 
dedicated eDNA laboratory coat and nitrile gloves were worn during the process.  
 
Amplifications were undertaken in triplicate using the protocol previously described, 
with the final optimised qPCR reactions carried out in a final volume of 10 µl, 
containing 2 µl SsoFast™ EvaGreen® (Bio-Rad, UK), 0.25 µl each primer (10 µM), 
1 µl template DNA at 5 ng/µl and 3.5 µl of ultrapure water. Melt curves generated 
from species-specific product tms (signal crayfish: 73.8oC ± 0.2; mitten crab: 73.2 oC 
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± 0.2; white-clawed crayfish: 74.8 ± 0.2) were analysed to assess the presence/absence 
of target species in field samples. Samples which had at least two out of three PCR 
replicates with corresponding target melt tm for either or both species, with a melt rate 
above 200 -d(RFU)/dT were considered positive. In addition, qPCR reactions were 
carried out at sites positive for both signal crayfish and mitten crabs to test for presence 
of crayfish plague causal agent A. astaci using 2 µl 5 x HOT FIREPol® EvaGreen® 
qPCR Mix Plus ROX (Soils Biodyne, Estonia), 0.4 µl of primer mix (5 µM), 1 µl 
template DNA at 5 ng/µl and 6.6 µl of ultrapure water (Robinson et al. 2018; Chapter 
2). Resulting melt peaks for target species using the HOT FIREPol® EvaGreen® qPCR 
Mix were 75.9 ± 0.2ºC (signal crayfish), 75.2  ± 0.2ºC (mitten crab) and 82.9 oC (A. 
astaci) respectively.  
 
qPCR amplifications were carried out in a separate room to eDNA extractions under a 
PCR hood with laminar flow. Each plate had the addition of both target species 
positive control DNA once all the eDNA samples were loaded and sealed to prevent 
false positive signals in the eDNA samples. Amplification negative controls consisting 
of HPLC water and extraction negative controls were also added in the same well 
location on each plate test for contamination in eDNA samples. 
 
To confirm mitten crab presence in field samples, a subset of four positive 
amplifications were cloned and sequenced. Out of 21 successfully transformed clones 
(seven per sample), between five and seven sequences matched 100% with mitten crab 
on BLAST (Ye et al. 2006); non-specific amplification was observed in the remaining 
clones. In addition, all positive control clones (seven) for mitten crab matched 100% 
on BLAST. 
 
11.6. Statistical analysis 
I employed a generalized linear modelling approach in R v.3.4.3 (R Core Team, 2017) 
to model detection success (i.e. the proportion of samples that tested positive for signal 
crayfish and mitten crabs at each site) for both water and sediment eDNA samples as 
a function of the number of river barriers both upstream and downstream of each 
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positive site and river identity (n: 2 rivers; Medway and Dee). A quasibinomial log-
link was used to correct for overdispersion.  
 
12. RESULTS 
12.1. Mitten crab detection limits 
Results from a 10-fold dilution series revealed that for mitten crabs, the limit 
of detection (LOD) was 0.005 ng/µl for the qPCR assay, which is the same LOD as 
the predetermined value for both signal crayfish and white-clawed crayfish (Chapter 
2). No overlap in qPCR product melt temperature (tm) was observed between the three 
species (Figure 13; Table S14) and it was possible to detect presence of all three 
species in a single reaction based on the diagnostic melt curve shape produced when 
combining varying ratios of pooled DNA for both species, however melt curves 
reflected native crayfish temperature in all samples apart from the 2:2:1 µL (signal 
crayfish: mitten crab: white-clawed crayfish) ratio (Figure 14; Table S15).Results from 
mixed proportions of just signal crayfish and mitten crabs displayed signal crayfish 
melt temperatures (73.9 oC) from 9:1 to 7:3 µL signal crayfish: mitten crab ratios and 
from 6:4 to 1:9 µL ratios, the melt curves corresponded to mitten crabs melt tm only 
(73.2 oC; Figure 15; Table S16). 
 
 
 
 
 
 
 
 
 
 
Figure 13. Melt peaks from SsoFast™ EvaGreen® dilution series for 
Pacifastacus leniusculus, Austropotamobius pallipes and Eriocheir sinensis 
DNA pools, displaying lack of cross-over between product melt peaks.  
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Figure 14. Melt peaks from SsoFast™ EvaGreen® mixed proportions for 
Pacifastacus leniusculus, Austropotamobius pallipes and Eriocheir sinensis DNA 
ratios 2:2:2, 1:2:2, 2:1:2, 2:2:1 and positive control pools for each species. Diagnostic 
‘S’ shape start to melt curve is present for all combinations of mixed DNA.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Melt peaks from SsoFast™ EvaGreen® mixed proportions for 
Pacifastacus leniusculus, and Eriocheir sinensis DNA ratios 9:1 to 1:9 µL signal 
crayfish: mitten crab DNA and positive control pools for each species.  
 
83 
 
12.2. Detection success and spatial distribution 
Signal crayfish DNA was detected in six out of the 11 sites sampled in the 
River Medway, whereas mitten crab DNA was only detected in three sites (Table 11; 
Table S17, Table S18 and S19). For all three catchments, both signal crayfish and 
mitten crab were detected within sections of the catchment where there had been visual 
confirmation of both species (NBN 2009, 2015). As expected, positive sites for signal 
crayfish were located in the upper reaches of the river area sampled (Table 11), 
however signal crayfish DNA was detected further downstream than previously 
reported in the Dee and Medway catchments (NBN 2009). Similarly, mitten crab DNA 
was detected further upstream than previously reported from visual surveys in the 
Medway and the Stour (Table S20 & S21), however, in the River Dee, mitten crab 
DNA was detected >10 km further downstream (D7) than a known site of occupation 
at Manley Hall (NBN 2015). Three sampling sites in the River Medway overlapped 
for both target species (M7, M10, M11) and similarly signal crayfish and mitten crabs 
were detected at two of the same sites in the River Dee (Figure 16, Table S22 and 
Table S23; D7 and D8). Despite having fewer sampling sites in the River Stour 
compared to the Dee and Medway catchments, there was an overlap in detection of 
both species in site ST3 (Table 11). Results from amplifying positive signal crayfish 
and mitten crab samples with HOT FIREPol® EvaGreen® qPCR multiplex indicated 
that there was no A. astaci present in any of the three catchments. 
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Figure 16.  Melt peaks from SsoFast™ EvaGreen® water field samples 
in the River Dee positive for Pacifastacus leniusculus, and Eriocheir 
sinensis DNA. 
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Table 11. Positive amplifications for signal crayfish (SC) and mitten crab (MC) in 
eDNA water (W) and sediment (S) samples across all sites for all three catchments 
(Medway, Dee and Stour) sampled in 2016. ‘+ positive amplification for target species 
in at least two out of three replicates in qPCR, ‘-’ no amplifications for target species. 
 Sample 
Catchment/Site/Year/Sample 
type 
A B C D E F 
M/1/2016/W +(SC) - +(SC) +(SC) - +(SC) 
M/1/2016/S N/A N/A N/A N/A N/A N/A 
M/2/2016/W - - - - - - 
M/2/2016/S N/A N/A N/A N/A N/A N/A 
M/3/2016/W - - - - - - 
M/3/2016/S - - - - - - 
M/4/2016/W - - - - - - 
M/4/2016/S N/A N/A N/A N/A N/A N/A 
M/5/2016/W +(SC)  +(SC)  +(SC)  +(SC)  +(SC) +(SC)  
M/5/2016/S N/A N/A N/A N/A N/A N/A 
M/6/2016/W - - - - - - 
M/6/2016/S - - - - - - 
M/7/2016/W +(SC) - - - +(SC) +(MC) 
M/7/2016/S - +(SC) +(SC) - +(SC) +(SC) 
M/8/2016/W - - - - - - 
M/8/2016/S +(SC) - +(SC) +(SC) - +(SC) 
M/9/2016/W - - - - - - 
M/9/2016/S N/A N/A N/A N/A N/A N/A 
M/10/2016/W +(SC) - +(MC) +(SC) - - 
M/10/2016/S N/A N/A N/A N/A N/A N/A 
M/11/2016/W +(MC) +(MC) - - - - 
M/11/2016/S +(MC) +(MC) +(SC) - +(SC) - 
D/1/2016/W - - - +(SC) - - 
D/1/2016/S +(SC) +(SC) +(SC) +(SC) +(SC) +(SC) 
D/2/2016/W - - - - - - 
D/2/2016/S - - - - - - 
D/3/2016/W - - - - - - 
D/3/2016/S - - - - - - 
D/4/2016/W - - - - - - 
86 
 
D/4/2016/S - - - - - - 
D/5/2016/W - - - - - - 
D/5/2016/S - - - - - - 
D/6/2016/W - - - - - - 
D/6/2016/S - - - - - - 
D/7/2016/W - - - - +(SC) - 
D/7/2016/S +(MC) - +(MC) - - - 
D/8/2016/W - - - - - - 
D/8/2016/S +(MC) +(MC) +(SC) +(SC) +(MC) +(MC) 
D/9/2016/W - - - +(MC) - - 
D/9/2016/S - - - - - - 
D/10/2016/W - - - - - - 
D/10/2016/S - - - - - - 
D/11/2016/W - - - - - - 
D/11/2016/S - - - - - - 
S/1/2016/W - - - - - - 
S/1/2016/S N/A N/A N/A N/A N/A N/A 
S/2/2016/W - - - - - - 
S/2/2016/S N/A N/A N/A N/A N/A N/A 
S/3/2016/W +(SC) +(MC) - - - - 
S/3/2016/S - +(SC) - +(SC) +(SC) +(SC) 
 
M = River Medway, D = River Dee, S = River Stour, + = positive amplification in at 
least two out of three replicates for target species for signal crayfish (SC) and mitten 
crab (MC). 
 
12.3. Detection success in relation to barriers  
Sites with the greatest number of positive samples for signal crayfish in the Medway 
catchment were clustered on the River Beult (M5 & M7), which is a tributary that joins 
the main River Medway between the Teston Lock and Hampstead Lock. In 
comparison to the River Dee, the seven positive sites in the Medway catchment were 
distributed at regular intervals down the catchment, whereas positive sites in the Dee 
were located at very start of sample area (D1) and then clustered further downstream 
of three weirs (D7-D9). Despite presence of six locks within close proximity to one 
another in the upper Medway catchment (Figure 11; Table S13), and three weirs 
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situated within 15 km in the River Dee (Figure 12; Table S13), signal crayfish DNA 
was detected above these barriers at M1 and D1 respectively. 
  
Mitten crab DNA was also detected at site M7 in the Medway catchment, however a 
majority of the positive samples for this species were located further downstream at 
sites M10 and M11 (Table 11). Despite previous records of mitten crabs around Teston 
lock at M8, there was no DNA detected in either sediment or water samples from this 
site. However, there were positive detections of this target species directly upstream 
of Allington Lock at site M10, where mitten crabs were previously known to 
accumulate at lock gates as has been observed in other impounded catchments (Iwasaki 
2004; Veldhuizen 2001). Mitten crab DNA in the River Dee was detected at three sites 
upstream of Chester Weir, a barrier which is known to be passable for this species, 
however mitten crab DNA was not detected any further upstream than site D7 (Table 
11; Table S22 and Table S23).  
 
In terms of sample type, water samples marginally outperformed sediment samples, 
with nine sites positive for one or both species versus 7 sites positive in sediment 
samples (Table 11). However, at sites positive for target species in sediment samples, 
there was a higher average number of positive samples for sediment (4 out of 6) 
compared to water (3 out of 6). For signal crayfish, there was no effect of barriers for 
positive detection of the species in water samples (deviance = 43.31, df = 19, P = 
0.091) or sediment samples (deviance = 50.663, df = 13, P = 0.254). There was 
however an effect of river identity on positive detections of signal crayfish in water 
samples (deviance = 43.31, df = 19, P = 0.020), with a significantly higher detection 
success in the River Medway compared to the River Dee. Similarly, for mitten crab 
detection success did not depend on number of barriers upstream or downstream of 
sampling sites in sediment samples (deviance = 17.16, df = 13, P = 0.996), but the 
number of barriers upstream of sampling site had a positive effect on detection success 
in water samples (deviance = 11.08, df = 20, P = 0.011). 
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13. DISCUSSION 
In this study, I have demonstrated that it is possible to determine the influence of 
barriers on both signal crayfish and mitten crab distribution using eDNA. By utilising 
both water and sediment samples, I have been able to assess sites of individual and 
shared occupancy of both target species and investigate the consistency of positive 
detections between sample types.  
 
Detections of DNA from target species at locations further upstream than previously 
reported, suggests that individuals have progressed further upstream (Deiner and 
Altermatt 2014; Roussel et al. 2015). Signal crayfish are known to migrate both up and 
downstream anything from 1 to 4 km upstream and 1.5 to 6 km downstream per year 
(Bubb et al. 2004), therefore it is likely that this species has expanded beyond its 
previously considered range (AquaInvaders 2016). The high proportion of positive 
sites in the Medway catchment suggests that signal crayfish has continued to persist 
and disperse from previously known locations in this River. Positive detections of 
signal crayfish further upstream than previously recorded in the River Dee, indicates 
upstream range expansion in this catchment (NBN 2009). Similarly, due to the 
catadromous nature of mitten crabs, juvenile crabs are known to migrate up to 750 km 
upstream as juveniles to mature (Herborg et al. 2007; Herborg et al. 2003), therefore 
the uppermost extent of DNA detection in a river is likely to be within close proximity 
to the true upstream extent of species occupation (Deiner and Altermatt 2014; Laramie 
et al. 2015; Pilliod et al. 2013; Spear et al. 2015). Similar to signal crayfish, within the 
Medway and Dee I detected mitten crabs further upstream than previously reported, 
again suggesting upstream range expansion of the species (Gilbey et al. 2008).  
 
In both the Rivers Medway and Dee, multiple target species were detected in the same 
sampling site, both in sediment and water samples, in locations which mark the 
recorded downstream extent of signal crayfish and upstream extent of mitten crab 
(AquaInvaders 2016; NBN 2015); this could indicate that both species are occupying 
the same stretches of the Medway and Dee around these sites, which has already been 
observed in other catchments in the UK (Rosewarne et al. 2016). Overlapping zones 
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between signal crayfish and mitten crabs are expected to result in negative impacts on 
local biota in comparison to single-species zones due to a combination of niche 
partitioning and predatory overlap (Rosewarne et al. 2016). 
 
13.1. Detection in relation to sample type and barriers  
Water and aquatic sediments are known sources of eDNA, and both sample types have 
been directly used in a range of non-invasive surveys and monitoring techniques 
(Ficetola et al. 2008; Kirshtein et al. 2007; Taberlet et al. 2012a; Turner et al. 2015). 
The observed increase in detection success within positive sites in sediment samples 
correlates with results from additional studies on DNA detection from sediment 
(Eichmiller et al. 2014; Honjo et al. 2012; Turner et al. 2015), and could be a result of 
the ecology of both target species (Treguier et al. 2014; Turner et al. 2015).  Because 
both target species are benthic by nature, it was expected that eDNA would be more 
likely to be detected in the sediments as than in surface waters, as aqueous DNA from 
crabs and crayfish is most likely to originate from faeces, due to lack of mucus exuded 
in comparison to fish or amphibians (Caldwell et al. 2011; Eichmiller et al. 2014; 
Klymus et al. 2015; Roussel et al. 2015) which sinks rapidly into the substratum (Saba 
and Steinberg 2012). However, the nature of the aquatic sediment enables DNA to 
remain detectable for a longer period of time (at least 132 days for fish vs 25 days in 
water samples (Turner et al. 2015)), therefore the temporal persistence of DNA from 
sediment remains may be confounded by leaching of potentially older and 
unrepresentative DNA into lotic systems that can result in false positives (Goldberg et 
al. 2016; Roussel et al. 2015). The fact that there were more sites positive for target 
species in water samples compared to sediment samples could suggest that water 
samples are more effective than sediment at detecting target species in this study, 
however as sediment collection from all sites was not possible in the River Medway, 
this is not fully conclusive. There is little information regarding the longevity of 
invertebrate eDNA in sediments, however due to the cross-over in detection success 
between sediment and water samples, it is likely that detections in sediment for signal 
crayfish and mitten crabs represent more current-occupancy than past-occupancy 
(Treguier et al. 2014; Turner et al. 2015).  
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One of the limitations of water eDNA sampling in flowing systems is that the source 
of the extracellular DNA cannot be easily determined (Deiner et al. 2016; Rees et al. 
2015). Invertebrate eDNA has previously been successfully detected up to 12 km 
downstream from the DNA source (Deiner and Altermatt 2014) but the persistence of 
eDNA in riverine systems from source to sample site depends on numerous factors, 
including flow rate (Deiner and Altermatt 2014; Deiner et al. 2016; Nielsen et al. 
2007).  
 
There has been little previous consideration of the effects of water-retention barriers 
such as locks and flood gates on rate of eDNA detection. These barriers are considered 
to create ‘mini-reservoirs’ upstream of each obstacle (Collier et al. 1996), and therefore 
any eDNA is likely to build up at this site until the gates next open, which will result 
in a localised increased in concentration of eDNA and also overall slow the speed of 
downstream movement of DNA (Deiner and Altermatt 2014). The presence of a series 
of locks along a section of river, as seen in the River Medway, could result in DNA 
being ‘held’ in short-term reservoirs and then released as gates are opened for 
navigation, resulting in a sudden release of eDNA into the catchment. Significantly 
higher detection success for signal crayfish in the River Medway compared to the 
River Dee could be the result of a combination of the influence of barriers on eDNA 
longevity and additional factors including differences in local hydrological conditions 
and abundance (Ficetola et al. 2008; Light 2003; Rees et al. 2014; Thomsen et al. 
2012).  For signal crayfish, the lack of effect of barriers on DNA detection in the 
Medway is probably a result of downstream movement, as signal crayfish are able to 
undertake downstream movement through the lock systems to colonise areas further 
downstream (Bubb et al. 2004; Gherardi et al. 2011; Light 2003). Barriers however 
did appear to have an influence over the DNA detection of mitten crabs in the Medway. 
Detection likelihood of mitten crabs increases with the number of barriers upstream of 
the sampling site, which indicates that barriers in both the Medway and the Dee are 
restricting the upstream movement of this species (Schmidt et al. 2009). Mitten crabs 
are known to aggregate at barriers, especially when banks are too steep to navigate 
around barrier on land and the presence of large structures such as dams and flood 
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gates are known to considerably slow down its upstream migration (Iwasaki 2004; 
Veldhuizen 2001). This congregation of individuals is likely to result in a stronger 
eDNA signal downstream of barriers, meaning greater eDNA detection, because 
density is known to be the major contributing factor to successful DNA detection in 
numerous aquatic species (Deiner and Altermatt 2014; Evans et al. 2016; Pilliod et al. 
2013; Spear et al. 2015). 
 
Overall, assessing the influence of barriers on invasive species presence and 
distribution is important for informing management strategies (Rahel and Olden 2008; 
Vander Zanden and Olden 2008). Long-term persistence of mitten crabs depends on 
the ability of juveniles to migrate upstream and colonise suitable freshwater habitats 
(Gilbey et al. 2008; Herborg et al. 2007; Rudnick et al. 2003), therefore river obstacles 
can have a great influence over colonisation success (Schmidt et al. 2009). 
Additionally, being able to detect sites of predicted range overlap between signal 
crayfish and mitten crabs using eDNA is important for informing management 
strategies of critical areas for invasive species control, particularly for species which 
experience complex trophic interactions and are potentially synergistic (Cowart et al. 
2018; Dittel and Epifanio 2009; Parker et al. 1999; Rosewarne et al. 2016).  
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CHAPTER 4 
Development of a novel eDNA assay for monitoring the 
eradication of the highly invasive topmouth gudgeon 
(Pseudorasbora parva)4 
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4 This chapter is based on manuscript ‘Robinson, C.V., Garcia de Leaniz, C., Rolla, M., Consuegra, S. 
Development of a novel eDNA assay for monitoring the eradication of the highly invasive topmouth 
gudgeon (Pseudorasbora parva). (In review: Biological Invasions).’ 
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14. CHAPTER 4: INTRODUCTION 
Across Europe, fish are the most frequently introduced taxa to freshwater systems 
(García-Berthou et al. 2005) and topmouth gudgeon (Pseudorasbora parva) is one of 
the most invasive  non-native fish species currently established in European countries 
(Britton et al. 2007; Copp et al. 2016). Originating from Asia, topmouth gudgeon is a 
small cyprinid fish which poses great risks to native biodiversity in freshwater systems 
(Britton et al. 2007; Pinder et al. 2005). In addition to physical disturbance and 
competition with native fish species for resources, this species is also a host of a highly 
infectious disease (Rosette‐like Agent, closely related to Sphaerothecum destruens), 
which causes inflammation and mass organ failure of infected European cyprinids 
(Pinder et al. 2005; Spikmans et al. 2013).  Traditional tools used to assess 
presence/absence of invasive fish such as topmouth gudgeon often include the use of 
seine nets, generic fish traps and also electrofishing (Jerde et al. 2011). Typically, these 
tools have proven to be unreliable in determining presence of low abundance species 
(Jerde et al. 2011; Magnuson et al. 1994), which is a problem when trying to assess 
the success of previous invasive fish eradication events (Britton et al. 2011b; Copp et 
al. 2010). Ineffective eradication can lead to survivors repopulating and subsequently 
dispersing to colonise new sites (Dunker et al. 2016). Topmouth gudgeon being a small 
(~10 cm length) cyprinid fish, is often undetected by conventional sampling methods; 
a detection threshold of 0.5 fish per m2 in closed systems has been reported for both 
electrofishing and trapping techniques (Britton et al. 2011b). Despite being a species 
of great interest for removal with piscicide Rotenone (Allen et al. 2006), there are 
currently no effective and reliable traditional surveillance methods in place for 
monitoring the species (Britton et al. 2011b).   
 
An alternative method to conventional sampling is the use of environmental DNA 
(eDNA) to detect DNA of invasive fish species in both still water and flowing systems 
(Rees et al. 2014). The application of eDNA to investigate success of fish eradications 
has previously been applied to Northern pike (Esox lucius (Dunker et al. 2016) and 
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demonstrates higher sensitivity compared to traditional electrofishing or trapping 
methods. Previous eDNA methods adopted for analysing presence of topmouth 
gudgeon eDNA in eradicated ponds have focussed on end-point (i.e. conventional) 
PCR (Davison et al. 2017; Keskin 2014) with some success. Here I developed and 
tested a highly sensitive qPCR resolution melt curve (qPCR-HRM) assay to test the 
efficiency of an eradication programme in four ponds through species-specific 
diagnostic melt curve analyses and compared the results to traditional end-point PCR. 
I also assessed the effect of water volume on detection success by using two different 
protocols involving different water volumes. 
 
15. METHODS 
15.1. Sample sites and eDNA collection 
Four ponds (Morolwg, Ashpits, Turbine and Dyfatty) were sampled at the Millennium 
Coastal Park (Llanelli, Wales) in August 2017. The presence of TMG at Ashpits pond 
had been confirmed by trapping and subsequent Rotenone treatment in 2011. 
Morolwg, Turbine and Dyfatty ponds were also treated with Rotenone in 2012, after 
confirmation of TMG presence by trapping and electrofishing. Visual confirmation of 
TMG in Ashpits pond in 2014 has led to concerns that TMG could have been 
reintroduced into Morolwg pond due to existing stream between these two ponds. 
There had been no records of TMG in Dyfatty or Turbine ponds since 2012 (Table 12; 
Figure 17).  
A sample of 250 mL of pond water was collected in triplicate from the upper 30 cm of 
the water column using a sterile 1 m collection ladle before being pooled into a sterile 
1L Nalgene bottle (final volume 750 mL) at ten sampling points per pond. Filtration 
of 250 mL water volumes has been proven to be the recommended minimum volume 
of water to produce successful detection in a range of aquatic species (Dougherty et 
al. 2016; Goldberg et al. 2016; Olds et al. 2016; Hinlo et al. 2017). Sampling points 
were separated between 20 and 100 m per pond and samples were collected from the 
bank to avoid disturbing sediment in the unlikelihood any old TMG DNA is still 
present after five years (Turner et al. 2015; Chapter 3). An additional water sample of 
15 mL was collected at each point per pond as in (Ficetola et al. 2008) to assess the 
sensitivity of the water volume to detect the target species in ponds. To each 15 mL 
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sample, 33 mL of absolute ethanol and 1.5 mL 3M sodium acetate were added; tubes 
were kept upright on ice for transportation and subsequently stored at -20 oC until 
DNA extraction. Ladles were decontaminated between ponds 1 and 2 (Ashpits and 
Morolwg) and 3 and 4 (Turbine and Dyfatty) by thorough spraying with 5% Virkon® 
solution followed by rinsing three times with ultrapure water between study ponds to 
prevent potential DNA carryover, resulting in false positives (Szkuta et al. 2017). 
Virkon® was used as a non-toxic, non-bleaching alternative to decontaminating with 
sodium hypochlorite in the field (Stockton-Fiti & Moffitt 2017; Szkuta et al. 2017). In 
between the two sampling days (i.e. between sampling ponds 2 and 3), ladles were 
autoclaved at 121 oC.  
Negative controls, consisting of ultrapure water in place of pond water, were taken at 
each pond for both methods and before sampling and after decontamination of each 
ladle before sampling a new pond. Environmental conditions, including water 
temperature, water depth and extent of cover were recorded at each site (Table 12).   
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Figure 17. Location of study ponds. A) Location of the Millennium Coastal Park within relation to Wales (red rectangle). B) Four ponds 
sampled for Pseudorasbora parva eDNA Millennium Coastal Park in Llanelli. At each pond (Morolwg Pond, MP; Ashpits Pond, AP; Turbine 
Pond, TP and Dyfatty Pond, DP) both ten 250 mL water samples were collected in triplicate (750 mL total per sampling point) and one 15 
mL water sample were collected at each sampling point. Ordnance Survey (GB), Using: EDINA Digimap Ordnance Survey Service, 
<http://digimap.edina.ac.uk/>, Created: July 2017. 
 
A 
B 
N 
N 
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Table 12. Site information for the four ponds (1-4) and two reservoirs (5-6) sampled for presence of Pseudorasbora parva in South Wales 
during August 2017 and October 2018. 
 
 
Site Pond Name Site GPS Pond 
Volume 
(m3) 
Average 
Depth (m) 
Eradication 
Attempt 
Current 
Pseudorasbora 
parva Status 
Temp. 
(oC) 
Shade 
(0-3) 
Number of Samples 
Collected 
1 Morolwg  SN 46680 01091 
 
15,640 1.7 Winter 2012 Unknown 19.3 1 11 
2 Ashpits SN 46599 01150 
 
89,538 1.5 2011 Present 19.1 2 11 
3 Turbine  SN 45021 00334 
 
17,820 1.8 Winter 2012 Unknown 18.6 3 11 
4 Dyfatty  SN 45829 00627 
 
56,579 1.9 Winter 2012 Unknown 19.6 3 11 
5 Upper Lliedi  SN 51308 04246 Unknown Unknown N/A Present 13.2 0 1 
6 Lower Lliedi SN 51506 04150 Unknown Unknown N/A Present 13.6 1 1 
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15.2. Physical surveys for detection of TMG 
 
Trapping of TMG was attempted at four time points under permit EP/CW061-E-
546/11141/02 and EP/CW061-E-546/12754/01, using a range of trapping methods to 
maximise chance of successful detection. In July 2017, five standard minnow traps (20 
cm x 20 cm x 60 cm) were placed by Natural Resources Wales at Ashpits pond at 1 m 
depth for seven days, concentrating on the eastern side of the pond where TMG had 
been previously seen. Traps were baited with fish pellets and checked daily. In 
February 2018 and June 2018, seine nets and ten standard minnow traps baited with 
fish pellets and algal-based bait were placed evenly around Ashpits (seine nets and 
traps) and Dyfatty Ponds (only traps) by Swansea University research staff at a depth 
of 1 m and checked after 3 hours (February) and 24 hours (June). Seine netting was 
also carried out in Ashpits, Morolwg and Dyfatty ponds in both February and June 
2018. The final trapping time point was October 2018, where ten standard bottle 
minnow traps were placed around two ponds (east-end of Ashpits and Turbine) over a 
two-day period, baited with fresh mackerel and set at a depth of 1 m and checked after 
24 hours. In addition, eight larvae (< 12 mm) were collected by hand-netting from 
Ashpits (n=5) and Morolwg (n=3) and transported back to the university before being 
euthanised following Schedule 1 protocol of overdose of 2-Phenoxyethanol. DNA was 
extracted from a total of eight larvae from Ashpits (n=5) and Morolwg (n=3) ponds 
using Qiagen® DNeasy Blood and Tissue Kit (Qiagen, UK). Larvae DNA was eluted 
in 200 µl and amplified using both end-point PCR and the new qPCR Pparva16S 
protocol. All amplified end-point PCR products were checked for the correct amplicon 
size using a 2% agarose gel electrophoresis and were sequenced on an ABI Prism 377 
sequencer to confirm species identity. 
 
15.3. Primer design and DNA extraction 
Species-specific qPCR primers (PparvaF 5’-CGAGCCCAAATAACAGAGGGT-3’ 
and PparvaR 5’-CAGGCGAGGCTTATGTTTGC-3’) were designed for TMG using 
NCBI Primer-BLAST to amplify a 147 bp fragment of the 16S mtDNA gene and 
checked for cross-amplification using NCBI Primer-BLAST (Ye et al. 2006). Primers 
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were tested in vitro for non-specific amplification against closely related species, 
including common carp (Cyprinus carpio), silver rudd (Scardinius erythrophthalmus), 
common bream (Abramis brama) and common roach (Rutilus rutilus), which are 
known to inhabit similar water systems (Davison et al. 2017). DNA from these species 
was assessed for amplification in triplicate using qPCR with a positive control 
consisting of 0.1 ng of topmouth gudgeon DNA (Davison et al. 2017). All non-target 
species failed to amplify and no subsequent products were produced in HRM analysis. 
Primers were assessed in vitro using positive control tissue (caudal muscle) from 15 
TMG caught locally in Wales during 2012/13. DNA was extracted using the Qiagen® 
DNeasy Blood and Tissue Kit (Qiagen, UK), eluted in 200 µl, and amplified in end-
point PCR using the following Pparva16S protocol: 95 oC for 3 min, followed by 40 
cycles of 95 oC for 30 s, 61 oC for 30 s and 72 oC for 30 s with a final elongation step 
of 72 oC for 10 min. All amplified PCR products were checked for the correct amplicon 
size using a 2% agarose gel electrophoresis.  
 
15.4. qPCR optimisation 
Specific in vitro testing of HRM-qPCR was performed for TMG to confirm the 
consistency of the qPCR product melting temperature. The annealing temperature of 
Pparva16S primers was optimised at 61 oC and yielded an efficiency of 91.1%, R2 = 
0.981 (Figure S10). For optimisation, the Pparva16S-qPCR was undertaken using 
SsoFast™ EvaGreen® Supermix (Bio-Rad, UK) and the Pparva16S protocol. An 
additional HRM step was applied to the end of RT-qPCR reactions, ranging from 55 
oC to 95 oC in 0.1 oC increments to assess the consistency of amplicon melt temperature 
(tm). The limit of detection (LOD) and limit of quantification (LOQ) were determined 
through running a dilution series ranging from 5 ng/µl to 5 x 10-7 ng/µl, using a TMG 
DNA pool (consisting of DNA from 15 individual TMG). HRM analysis was 
conducted on 15 individuals from three different populations to account for any degree 
of intraspecific variation in qPCR product melt temperature (tm). 
 
15.5. Assay validation 
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To validate the assay, I collected one 750 mL (3 x 250 mL) sample from the Upper 
(high abundance of TMG) and one 750 mL (3 x 250 mL) sample from the Lower (low 
abundance of TMG) Lliedi reservoirs in October 2018, which confirmed for TMG 
from trapping attempts in June 2018 using standard minnow traps baited as above 
(permit: EP/CW061-E-546/12754/01; Table 12). Negative controls (ultrapure water) 
were collected as described previously for the Millennium Coastal Park and water 
samples were processed following the previously described filtration, extraction and 
Pparva16S-qPCR protocols. Subsequently, samples which displayed a melt peak 
consistent with TMG in at least one of three replicates in qPCR were re-amplified in 
end-point PCR using Pparva16S PCR protocol and sent for sequencing to confirm 
species identity. 
 
15.6. Analysis of eDNA field samples 
Samples of 750 mL of pooled water (3 x 250 mL at each sampling site) from each of 
the study ponds were filtered the same day of collection using the same filtration 
protocol as described previously for the Virkon® decontamination validation. DNA 
filtration and extraction took place in a designated eDNA area in a laboratory where 
no previous TMG DNA or tissue had been handled. Filters from water samples were 
stored in individual Eppendorfs at -20 oC until subsequent DNA extraction. TMG 
DNA from filter papers was extracted using Qiagen® DNeasy Blood and Tissue Kit 
(Qiagen, UK), following the Qiagen Blood Spot extraction protocol with an 
adjustment to the elution volume (from 200 to 50 µl) to maximise DNA yield.  
 
The 15 mL water samples were centrifuged at 6 oC for 45 minutes at 5000g (Ficetola 
et al. 2008) and the supernatant was poured off to allow DNA extraction from the 
resulting pellet. DNA pellets were extracted using DNeasy PowerLyzer PowerSoil kit 
(Qiagen®, UK), which is known to produce higher yields of DNA for this method of 
eDNA capture (Hinlo et al., 2017), following a standard protocol with a reduction in 
elution volume (from 60 to 50 µl). All samples (750 mL and 15 mL) were amplified 
in triplicate in a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad, 
UK), in 10 µl reactions consisting of 5 µl SsoFast™ EvaGreen® Supermix (Bio-Rad, 
UK), 0.25 µl each forward and reverse primer, 2.5 µl HPLC water and 2 µl of extracted 
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DNA. Amplifications were carried out in triplicate using the standard Pparva16S-
qPCR protocol as described above and only samples which amplified consistently in 
one of three replicates at the target DNA product tm (78.8 oC ± 0.3), with a melt rate 
above 200 -d(RFU)/dT were considered to be a positive result.  qPCR reactions were 
carried out in a separate room from the eDNA extractions room under a PCR hood 
with laminar flow. I added a TMG positive control to each plate after all the eDNA 
samples had been loaded and sealed to prevent any false positives from manual 
contamination. As negative amplification controls I used ultrapure water which, along 
with extraction negative controls, were added to the same well location on each plate 
to test for eDNA contamination. Field samples were also amplified in triplicate in end-
point PCR with recently described species-specific primers (Davison et al. 2017), 
using the Pparva16S PCR protocol, and subsequent PCR products were checked for 
the correct amplicon size using a 2% agarose gel. Any positive reactions for TMG 
DNA with both primer sets were sequenced on an ABI Prism 377 sequencer to confirm 
species identity. 
 
15.7. Statistical analysis  
I employed a generalized linear modelling approach in R v.3.4.3 (R Core Team, 2017) 
to model detection success (i.e. the proportion of sites that tested positive for topmouth 
gudgeon at each pond) as a function of assay type (three assays: conventional PCR on 
750 ml of water, qPCR on 15 mL of water, and qPCR on 750 mL of water) and pond 
identity (n: 4 ponds). I considered that topmouth gudgeon was present at a site if one 
of the three replicates tested positive for that site. A quasibinomial log-link was used 
to correct for overdispersion.  
 
16. RESULTS 
16.1. Assay validation in-situ 
Results of qPCR confirmed a positive detection for TMG in one out of three 
replicates in both the upper (Ct: 36.6) and lower (Ct: 36.5) Lliedi reservoir samples 
(Table 13). All negative controls failed to amplify and TMG DNA control amplified 
in all three replicates (av. Ct: 24.5). Results of Sanger Sequencing confirmed TMG in 
both upper and lower reservoirs.   
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Table 13. Mean Ct values of positive amplifications for Pseudorasbora parva in 750 
mL and 15 mL water samples, amplified with designed Pparva16S primers from all 
four ponds (Morolwg Pond, MP; Ashpits Pond, AP; Turbine Pond, TP and Dyfatty Pond, 
DP) at each sampling point (1 - 10) in optimised SsoFast™ EvaGreen® qPCR assay.  
 
 
16.2. Sensitivity and detection limits 
The limit of detection (LOD) for TMG DNA was 0.005 ng/µl, determined through a 
10-fold dilution series in qPCR. The detection threshold for TMG DNA was 38 cycles 
and the product melt temperature (tm) was consistent throughout the dilution series 
(Table S24). In comparison, the newly designed Pparva16S primers amplified TMG 
DNA pools at 0.05 ng/µl and above, whereas the previously described COI primers 
(Davison et al. 2017) failed to amplify TMG DNA at 0.05 ng/µl, highlighting the 
greater sensitivity of Pparva16S primers (Figure S11). 
 
16.3. Detection success  
No TMG were caught in any of the two trappings at Ashpits pond during July 2017 
and February 2018. Despite this, larval DNA sequencing and qPCR profiles confirmed 
Pond Water volume 
(mL) 
1 2 3 4 5 6 7 8 9 10 
MP 750 33.6 35.3 29.1 38.8 28.8 36.1 35.3   35.4 
MP 15    37.8   34.5   36.7 
AP 750 36.7 27.5  37.1  36.2 35.7 37.1 34.2 34.6 
AP 15 37.9   37.8  37.2     
TP 750  36.1  32.1 35.0 34.7   36.5 35.2 
TP 15  37.8    36.8     
DP 750 37.1 36.5  33.7 36.1 36.4  37.2 27.1 38.5 
DP 15           
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that two larvae caught from Ashpits pond matched 100% with TMG on BLAST, 
despite lack of adult TMG being caught in traps and seine netting at trapping events. 
Remaining larvae failed to amplify and remained unidentified. Results of qPCR 
confirmed the presence of TMG DNA in all ponds, with melt temperatures of positive 
qPCR amplifications corresponding to TMG positive control melt temperature (78.8 
oC; Figure 18). Mean Ct values for positive 750 mL samples ranged from 28.8 to 38.8 
in Morolwg, 27.5 to 36.7 in Ashpits, 32.1 to 36.5 in Turbine and 27.1 to 38.5 in Dyfatty 
(Table 13). Morolwg Pond (MP) yielded the highest proportion of sampling sites 
amplifying for TMG (8 out of 10 sites), whereas Turbine Pond (TP) had the lowest 
proportion of positive sampling sites (6/10; Table 14; Table S25). The 15 mL water 
samples successfully detected TMG in three out of the four ponds, with no TMG DNA 
being detected in Dyfatty Pond (Table 14; Table S26). Mean Ct values for positive 15 
mL samples ranged from 34.5 to 37.8 in Morolwg, 37.2 to 37.9 in Ashpits and 36.8 to 
37.8 in Turbine (Table 13). In comparison, results of end-point PCR with species-
specific COI primers (Davison et al. 2017) failed to produce any positive amplification 
for TMG unless the PCR reaction was undertaken with 40 cycles. End-point PCR 
results also showed that TMG DNA was present in all four ponds, however most 
positive samples were only observed in one of the three triplicates and product bands 
were faint (Table 14; Figure 19). Sequencing of the 350bp (Davison et al. 2017) and 
147bp products produced a 100% species match on BLAST (Ye et al. 2006), with 
target species (for both primer sets), confirming species presence in all positive 
amplifications. All negative controls sampled in the field and laboratory failed to 
amplify in both qPCR and end-point PCR, highlighting success of Virkon® 
decontamination and lack of DNA contamination throughout laboratory processing of 
samples. 
Detection success varied significantly depending on eDNA assay (deviance = 31.32, 
df = 2, P <0.001) but not on pond identity (deviance = 3.36, df = 3, P =0.582l; Figure 
20).   My novel qPCR 750 mL eDNA assay detected the presence of TMG (31/40 or 
77.5%) in a significantly higher proportion of sites (t = 2.962, P = 0.016) than 
conventional PCR with the same water volume (14/40 or 35.0%) or qPCR with 15 mL 
of water (8/40 or 20.0%). The novel assay was 4.2 times more likely to detect TMG in 
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an individual water sample than conventional end-point PCR, and 2.2 times more 
likely to detect its presence at a sampling site when multiple samples are collected 
(Table S27).  
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Table 14. Positive amplifications for Pseudorasbora parva in filtered 750 mL water samples amplified with designed Pparva16S primers, 
750 mL water samples amplified in end-point PCR with Davison et al. (2017) primers and positives amplifications in 15 mL water samples 
amplified with designed Pparva16S primers from all four ponds (Morolwg Pond, MP; Ashpits Pond, AP; Turbine Pond, TP and Dyfatty Pond, 
DP) at each sampling point (1 - 10) in optimised SsoFast™ EvaGreen® qPCR assay. 
 
 
 Sampling Point 
Pond Assay/ 
water 
volume 
1 2 3 4 5 6 7 8 9 10 
MP 16S qPCR/ 
750 mL 
+(2) +(3) +(3) +(2) 
 
+(3) 
 
+(3) +(2) 
 
+(1) 
 
+(3) 
 
MP COI PCR/ 
750 mL 
    +(3)      
MP 16S qPCR/ 
15 mL 
   +(2)   +(1)   +(1) 
AP 16S qPCR/ 
750 mL 
+(1) 
 
+(3) 
 
 
+(2) 
 
 
+(3) 
 
+(2) 
 
+(1) 
 
+(3) 
 
+(3) 
 
AP COI PCR/ 
750 mL 
 +(1)  +(1) 
 
  +(1) +(1) +(1) +(1) 
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AP 16S qPCR/ 
15 mL 
+(1)   +(2)  +(1)     
TP 16S qPCR/ 
750 mL 
 
+(2) 
 
 
+(3) 
 
+(3) 
 
+(3) 
 
  
+(2) +(3) 
 
TP COI PCR/ 
750 mL 
 +(1) 
 
 +(2) +(1) +(1) 
 
   +(1) 
TP 16S qPCR/ 
15 mL 
 +(2)    +(2)     
DP 16S qPCR/ 
750 mL 
+(2) +(3) 
 
+(2) 
 
+(2) +(2) 
 
+(3) +(3) 
 
+(3) 
DP COI PCR/ 
750 mL 
   +(1)     +(2)  
DP 16S qPCR/ 
15 mL 
          
 
+(#) = positive melt peak/positive band at 350 bp for Pseudorasbora parva (78.8 oC ± 0.3); # = number of replicates positive out of 3 
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Figure 18. Melt curves from SsoFast™ EvaGreen® qPCR from positive field samples from pond (Morolwg Pond, MP; Ashpits Pond, 
AP; Turbine Pond, TP and Dyfatty Pond, DP) for Pseudorasbora parva. 
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Figure 19. Agarose gel from end-point PCR using Davison et al., 2017 primers on 
field eDNA samples in triplicate for Pseudorasbora parva. A) Field samples (x) with 
positive samples displaying a band at 350 bp (200 bp ladder). B) Positive control tissue 
from topmouth gudgeon and negative controls. 
 
 
 
 
 
 
 
 
 
Figure 20. Probability of top mouth gudgeon (Pseudorasbora parva) DNA detection 
with deviation for each pond (Morolwg Pond, MP (P1); Ashpits Pond, AP (P2); 
Turbine Pond, TP (P3) and Dyfatty Pond, DP (P4)) for each amplification method (end 
point-PCR, qPCR with 750 mL water and qPCR with 15 mL water).  
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17. DISCUSSION 
 
The application of my novel qPCR TMG assay detected the presence of TMG DNA 
at sites where the species was thought to have been eradicated or had not been detected 
by trapping. This serves to highlight the difficulties of inferring species absences from 
traditional survey methods (Jerde et al., 2011; Ficetola et al., 2015) and the superior 
sensitivity of qPCR-based eDNA methods over traditional approaches. The assay was 
validated in-situ at a location where the species has been confirmed earlier this year. 
No evidence of PCR inhibition was detected compared to previously published end-
point PCR primers (Davison et al. 2017). The advantages of using an HRM-qPCR 
approach over end-point PCR include increased sensitivity and diagnostic nature of 
the melt peak analysis. With well-designed assays such as this, if DNA from target 
species is present in a sample, there will be a melt peak corresponding to that species, 
demonstrating that the DNA has successfully amplified (Héritier et al. 2017; Jaiswal 
et al. 2017; Robinson et al. 2018; Chapter 2 and 3). All HRM-qPCR assays are 
validated through sequencing, including positive field samples as in this study. In 
addition, the qPCR assay described here successfully amplified the target species in 
very small volumes of sample water (15 mL), albeit with lower sensitivity, which 
should greatly facilitate the collection of multiple replicated field samples, particularly 
in remote/inaccessible areas (Chapter 2 and 3).  
The use of eDNA to detect and monitor invasive species at low densities has numerous 
advantages over traditional techniques, namely higher sensitivity and ease of 
collection (Evans et al. 2017; Jones 2013; Tucker et al. 2016). For example, eDNA 
from European weather loach (Misgurnus fossilis) and redfin perch (Perca fluviatilis) 
was detected at sites where fishing had previously failed to find these species 
(Bylemans et al. 2016; Sigsgaard et al. 2015). TMG has a small size, and trapping can 
on occasions be unsuccessful, particularly during the early life stages (Jerde et al. 
2011; Magnuson et al. 1994). The detection threshold for TMG in closed systems using 
traditional methods (electrofishing and traps) is approximately 0.5 fish per m2, which 
could suggest low TMG densities in both Ashpits and Dyfatty ponds (Britton et al. 
2011b). The existence of false-negatives poses a particular problem for the 
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management of AIS because they tend to occur at low population abundance, 
particularly during the early stages of invasion (Fitzpatrick et al. 2009). My results 
show that  high resolution melt curve analysis (HRM) based on species-specific melt 
curve profiles (Héritier et al. 2017; Jaiswal et al. 2017) offers even greater sensitivity 
and quicker results (Nathan et al. 2014; Wood et al. 2013) in comparison to traditional 
end-point PCR for the detection of TMG using eDNA. 
 
Absence of adult TMG during the trapping events could be explained by low 
temperatures (<10 oC), short trapping time (<4 hours), shallow deployment and below-
threshold densities, while size-selection biases can explain their absence during the 
2016 surveys (Britton et al. 2011a). Post-eradication survey methods at the Millennium 
Coastal Park, including micromesh seine netting and trapping (plastic bottle and big 
mesh ‘minnow’ traps) is highly size-selective and it is possible that smaller colonising 
individuals (<20 mm) could have evaded nets and traps, resulting in false negatives 
and an incorrect indication of eradication success (Davies, Britton 2015). Even if 
eradication had been initially successful, it is possible that proximity to infected sites 
could have allowed fish to disperse through interconnecting streams (Britton et al., 
2008; Copp et al., 2010; Pinder et al., 2005) and/or during flooding events, as reported 
for other AIS (Diez et al., 2012; Rahel and Olden, 2008; Scott et al., 2016). Inadvertent 
translocation of eggs and small larvae by local anglers across ponds is a possible 
pathway for re-introduction into the four ponds (Britton et al. 2007; Johansson et al. 
2018; Pinder et al. 2005). The closest site of known TMG is the Lliedi reservoirs, 
which are over 5 km North-East of the ponds with no direct connection via a 
watercourse, rendering the Lliedi reservoirs as a TMG DNA source impossible 
(Balasingham et al. 2016). The lower Ct value of positive eDNA samples from the 
ponds (i.e. 28.8 in Morolwg and 27.1 in Dyfatty) in comparison to the Ct value of the 
DNA detected at the Lliedi reservoir (36.5 and 36.6) further supports the evidence that 
the reservoirs are not serving as a source of TMG DNA, due to short half-life of DNA 
and subsequent degradation which would occur between source and detection 
(Thomsen et al. 2012; Barnes & Turner, 2015; Balasingham et al. 2016).  
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The volume of environmental samples collected can greatly influence the rate of 
detection of eDNA from a range of aquatic species (Pilliod et al. 2013; Rees et al. 
2014). There is a trade-off between sampling effort (number of samples collected and 
processed) and probability of species detection (Rees et al., 2014). In this study, the 
probability of detection by qPCR was c.4-6 times higher with a large water volume 
(750 mL) compared to a smaller volume (15 mL). This is not unexpected considering 
the predicted low abundance of target DNA, the 50x reduction in water volume and 
the large size of the ponds sampled. I take into consideration that if the 15 mL samples 
had been processed following the same laboratory and field protocols as the 750 mL 
samples, it is likely the resulting eDNA concentrations would have been considerably 
lower and would have likely resulted in fewer amplifications (Rees et al. 2014; Hinlo 
et al. 2017). Collecting smaller volumes of water with more replicates could offset the 
problem of sampling ponds and reservoirs without much additional effort (Goldberg 
et al. 2015; Rees et al. 2014) but my study shows that detection probabilities also 
depend on spatial scale, which will require careful planning. 
 
In summary, routine monitoring with the assay developed here can provide valuable 
data regarding the expansion and dispersal of invasive TMG populations and, with 
further optimisation and calibration, could also be used to obtain relative estimates of 
species abundance. I have shown how the application of eDNA-qPCR methods can be 
used to monitor eradication programmes and help inform risk management strategies 
for TMG and other AIS under the Water Framework Directive. 
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18. CHAPTER 5: INTRODUCTION  
Public participation in biological data collection can play a crucial role in influencing 
ecological management and decision-making for resource management (Gura 2013, 
Pocock et al. 2015). This activity widely termed as ‘citizen science’, has been used 
globally as an ecological tool for both long-term and focussed short-term projects 
(Greenwood 2007, Dickinson et al. 2012, Biggs et al. 2015). Recent technological 
advances such as smartphone apps (e.g. AquaInvaders 2016), have increased the 
quality and reliability of citizen science data through the establishment of standardised 
data collection protocols and recruitment of nationwide administrators to screen and 
verify data (Bonter and Cooper 2012, Newman et al. 2012, Sullivan et al. 2014). 
Smartphone apps represent an important citizen science platform because they are 
widely available and increase accessibility, enabling projects to be more inclusive 
(Newman et al. 2012). 
 
Understanding motivations of volunteers to participate in citizen science projects is 
important for ensuring data collection throughout duration of project and for the launch 
of new initiatives (Jordan et al. 2011). It is expected that knowledge gain (Jordan et al. 
2011), incentives (Dickinson et al. 2012) and ease of accessibility, i.e. use of 
smartphones (Land-Zandstra et al. 2016) are fundamental drivers of public 
engagement with citizen science (Rotman et al. 2014). Duration of project and 
frequency of data collection required can also be determining factors for uptake and 
continuation of engagement (Rotman et al. 2014). Often, engagement in long- or short-
term projects is driven by independent motivations (e.g. social responsibility and time 
commitments) and different target groups (e.g. retired citizens versus students) often 
display interest towards either long- or short-term projects due to such motivations 
(Rotman et al. 2014).  
 
18.1. Successful initiatives 
To date there has been a number of successful citizen science initiatives which have 
focussed on collecting data for biological monitoring of a range of species (Table 15). 
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Table 15. Summary of successful citizen science initiatives which include members of the public collecting biological monitoring data 
for a variety of aquatic and terrestrial species. Summaries of protocols used, number of sites sampled (where known), total number of 
volunteers engaged, the platform for data compiling and study reference are detailed below. 
 
Project name Target 
taxa/species 
Protocol(s) Number of sites 
sampled 
Number of 
volunteers engaged 
Platform 
for data 
Reference 
eBird Birds Bird counting (travelling 
count, stationary count, 
area count and casual 
observation) 
180,000 500,000 Online Sullivan et al. 2009 
Invaders of 
Texas 
Invasive 
plants 
Record occurrence of 
invasive species 
(location, abundance, 
disturbance) 
Unknown 338 Online Gallo and Waitt , 
2011 
n/a Great 
crested newt 
eDNA water sampling, 
torch counts, egg counts 
and trapping 
35 50 Field Biggs et al. 2015 
Neighborhood 
Nestwatch 
Birds Observe and report 
nesting behaviour and 
success of eight common 
garden bird species 
Unknown 45 Online Evans et al. 2005 
n/a Invasive 
Shore crab 
and 
Japanese 
shore crab 
Systematic surveys 
(quadrats) 
52 1000 Field Delaney et al. 2008 
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North Carolina 
Sea Turtle 
Project 
(NCSTP) 
Loggerhead 
sea turtles 
Monitor beaches and 
collect data on sea turtle 
nests 
30 miles of beach 700 Field Cornwell and 
Campbell, 2012 
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These successful initiatives include either sole fieldwork (Delaney et al. 2008; Biggs 
et al. 2015) or a combination of fieldwork and online data sharing to compile records 
(Evans et al. 2005; Sullivan et al. 2009; Gallo and Waitt, 2011). These projects share 
common traits which have enabled success of the projects, including: 1) simple and 
standardised protocols and 2) use of exisiting volunteer and professional networks to 
promote the project and increase participation (e.g. volunteer beach organisations 
(VBOs; Cornwell and Campbell, 2012) and Lady Bird Johnson Wildflower Center, 
US Forest Service Forest Health Protection, the Texas Forest Service, the Texas 
Master Naturalists, and the Texas Parks and Wildlife Department; Gallo and Waitt , 
2011). To ensure quality of data collected, these projects often had professionals 
overseeing data collection (Delaney et al. 2008; Biggs et al. 2014) and all data 
observations were verified by specialist editors before being published online.  
 
18.2. Crayfish Count: New citizen science initiative 
Citizen scienists are being utilised more frequently for biomonitoring of invasive 
species (Delaney et al. 2008, Crall et al. 2010; Biggs et al. 2015; Chapters 2 and 3), 
Quality of invasive species data has been increased through implementation of 
smartphone apps, such as ‘AquaInvaders’, ‘That’s Invasive!’ and ‘Plant Tracker’, 
however quantity of data (i.e. number of records), particularly for aquatic invasive 
species remains low (179 (AquaInvaders 2018)).  
 
The ‘Crayfish Count’ project was designed to enable members of the public to detect 
and monitor signal crayfish. This initiative consisted of a combination of smartphone 
app recording and active biological sampling (abdomen swabs and eDNA) to 
contribute towards nationwide distribution databases for signal crayfish and to identify 
locations where crayfish plague is prevalent or absent. For this initiative, two sampling 
kits were designed; the first comprised of a sampling protocol for recording and 
swabbing the crayfish, a guide to an invasive species recording app developed by an 
app company Natural Apptitude (AquaInvaders; www.natural-apptitude.co.uk), a 
crayfish ID guide, a biosecurity guide, sterile swab and self-addressed stamped 
envelope (Figure S12-S22). The second kit for eDNA sampling consisted of Falcon 
117 
 
tubes pre-filled with 33 mL absolute ethanol and 1.5 mL 3M sodium acetate, sample 
collection tubes, ultrapure water, sampling protocol, gloves and record sheet. Blank 
samples were collected to test for contamination between sites, as a measure of sample 
collection quality. eDNA water samples were collected by anglers at pre-determined 
locations in the River Taff and subsequently collected by myself and taken back to 
Swansea University to be stored at -20 until DNA extraction and analysis.  
 
After the project timeline had come to an end, an online anonymous survey was sent 
to MTAC and AVAC members, which consisted of a set of closed questions aimed at 
addressing drivers for participation and also barriers/demotivating factors leading to 
no participation (questions asked detailed in supporting information pages 197-198). 
An incentive of £10 Amazon gift card prize draw was incorporated into the survey to 
encourage feedback.  
 
 
18.3. Crayfish Count: Project outcome  
Two angling clubs showed initial interest in the Crayfish Count initiative (Merthyr 
Tydfil Angling Club; hereafter MTAC and Afan Valley Angling Club), however a 
total of two people collected eDNA samples and one person collected a swab. No new 
recordings of signal crayfish were recorded on the AquaInvaders app or website 
throughout the crayfish season or six months after the season had ended. Analysis of 
eDNA water samples collected by MTAC indicated that water blanks were 100% 
contamination-free, which suggests correct steps were followed to prevent DNA 
carryover from water samples to the blank samples. Signal crayfish DNA was detected 
in one of the seven sites sampled (see Chapter 2) demonstrating that it is highly likely 
that MTAC adhered to protocol, maximising likelihood to successful DNA detection. 
Furthermore, only eight people responded to the post-project questionnaire and given 
the small sample size (n=8) it was not possible to draw any meaningful conclusions 
from the responses. 
 
18.4. When citizen science fails: Lessons learned 
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Despite the best intentions when designing this project, the ‘Crayfish Count’ failed to 
establish as a citizen science initiative. For this project, I had already established the 
anglers had a vested interest in monitoring signal crayfish and had previous experience 
in removal of signal crayfish with local community groups (Crawford et al. 2006, 
Holdich et al. 2014). However, in hindsight, there were numerous shortcomings with 
the design of the project which are likely to have contributed to the fate of the project.  
 
Protocol complexity is known to be a key determining factor as to whether members 
of the public will engage with new citizen science initiatives (Bonney et al. 2009, 
Parsons et al. 2011). The higher the effort input required for biological sampling, the 
greater the likelihood that citizens will fail to engage with the project (Bonney et al. 
2009, Parsons et al. 2011). In this instance, the crayfish search and swab protocol was 
considered simple, however I failed to perceive the project as a non-scientist and in 
fact the sampling protocol for this project is longer and more specialised than many 
other biological monitoring citizen science initiatives (e.g. eBird (Sullivan et al. 
2014)). Despite using a memorable slogan (‘Record, Swab, Post’), which has been 
utilised in many other citizen science initiatives to aid sample collection (Silvertown, 
2009), it is likely that the protocol was too complex, which is likely to have 
discouraged participation  (Bonney et al. 2009). Future biological monitoring citizen 
science initiatives should consider the protocol design carefully to ensure that the 
required sampling is simple, easily understood by non-specialists and still address the 
goals of the initiative (Bonter and Cooper 2012, Newman et al. 2012, Sullivan et al. 
2014). Trialling protocols with feedback from members of the public could be an 
effective way of ensuring protocols meet the necessary requirements to allow new 
projects to be successful (Parsons et al. 2011). 
 
In addition, the passive approach (online at own leisure) of questionnaire completion 
likely was the cause of low numbers of returned questionnaires, despite this working 
on other initiatives (e.g. BeeWatch; van der Wal et al. 2016). A better approach would 
have been to organise a number of dissemination events in areas local to the anglers 
and present individuals with paper questionnaires in addition to online surveys (Huyser 
de Bernardo and Curtis, 2012). This would have likely resulted in a greater number of 
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questionnaires returned, which then could have indicated with more power as to what 
the anglers deemed was their main motivations or barriers to participating in the 
project. 
 
The main positive result from the Crayfish Count was the lack of contamination from 
eDNA in the River Taff. In comparison to the search and swab protocol, the eDNA 
protocol has been previously designed with non-specialists such as members of the 
public as end-users in mind (see Chapter 2) and similar protocols have been used in 
eDNA citizen science initiatives with great success (e.g. Biggs et al. 2015). This 
demonstrates that despite eDNA sampling being considered as a sensitive, specialist 
type of biological sampling (Rees et al. 2014), it is possible to utilise members of the 
public in citizen science initiatives as an alternative to field biologists, to collect 
valuable data on presence and absence of aquatic invasive species, without 
compromising quality of the data collected (Biggs et al. 2015; Robinson et al. 2018; 
Chapter 2).   
 
18.5. Conclusions 
This study has highlighted the difficulty in designing new initiatives effectively to 
ensure sufficient take up for engagement and therefore meaningful data collection 
(Conrad and Hilchey 2011, Dickinson et al. 2012, Roy et al. 2012). The main 
downfalls of this project design include both protocol complexity and unsuitable 
approach of generating feedback from members of the public, in comparison to other 
successful initiatives (Bonney et al. 2009; Sullivan et al. 2009). However, the Crayfish 
Count does highlight the ease of incorporating eDNA monitoring into the field of 
citizen science and the ability of citizens to collect data on aquatic invasive species 
current distribution. For future citizen science initiatives, 1) implementing simple 
protocols and 2) linking new citizen science projects with existing platforms such as 
OPAL (www.opalexplorenature.org) can increase visibility, accessibility and 
reputability of the project, resulting in higher levels of interest and engagement and 
therefore greater likelihood of project success.  
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This thesis demonstrates how the application of molecular tools (microsatellites and 
eDNA) can contribute to understanding invasion success, determining current 
distributions and enabling early detection of target aquatic invasive species. 
Additionally, this thesis highlights the difficulty of ensuring success of citizen science 
initiatives concerning invasive species monitoring. Research outcomes of this thesis 
have been addressed throughout the chapters and summarised below.  
 
18.6. Using population genetics to investigate invasion success 
The application of population genetics for generating a better understanding of 
invasive species biology is a relatively recent approach (Le Roux and Wieczorek 
2008). Use of molecular markers, such as microsatellites allow for questions to be 
addressed, such as dispersal routes and key vectors, admixture rates, evidence of 
introgression, adaptation, genetic fitness and the role of genetic variation for 
facilitating invasion success (Reed and Frankham, 2003; Le Roux and Wieczorek 
2008; Zalewski et al. 2010; Torres and Álvarez 2012). The biggest challenge for 
invasion genetics is understanding the link between genetic variation within a 
population and fitness of an individual and what this means for population expansion 
(Allendorf et al. 2010).  Through assessment of genetic diversity, population 
structuring and evidence of admixture, I have determined that invasion success for 
several signal crayfish populations in Great Britain is likely to have occured through a 
combination of numerous introductions, human-facilitated dispersal and co-invasion 
with Aphanomyces astaci. Population genetics has enabled the factors influencing 
invasion success (i.e. number of introductions and available genetic diversity) to be 
determined for these populations of signal crayfish. Linking this information with the 
known ecological traits of signal crayfish (i.e. dispersal mechanisms), can enable the 
success of any future introductions of this species to be predicted. In addition, I have 
determined that repeated removal effort of signal crayfish (i.e. in the Bachowey) can 
reduce the genetic diversity of the remaining crayfish population, which could render 
heavily trapped populations genetically compromised long-term and therefore could 
influence their length of persistence at that location. There are however limitations to 
the wider application of population genetic results, particularly when only a small 
subset of existing populations have been sampled (Bossart and Prowell 1998; Taberlet 
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et al. 1999). In addition, lack of a baseline on population genetics of signal crayfish 
across the native range makes it difficult to assess the role of genetic diversity in its 
success in non-native areas (Purcell et al. 2015; Smouse et al. 2011). Overall, this study 
has enabled a better understanding of how genetic diversity could have influenced the 
invasion success for this species through assessment of population structure and 
diversity across Great Britain. Results from this genetic analysis has complemented 
previous studies concerning genetic diversity of signal crayfish across Europe 
(Petrusek et al. 2017) and the most likely colonisation scenario of numerous 
simultaneous introductions has been identified for this species in Great Britain. This 
information is particulaly important for predicting success of future invasions and vital 
for informing control and management of this species (Peay 2009; Handley et al., 
2011; Lennox et al. 2015).  
 
18.7. Environmental DNA assays for monitoring of target aquatic invasive 
species 
Unlike population genetic studies, which are applied to determine genetic parameters 
post-invasion, the application of eDNA techniques can provide information on 
presence, absence and abundance of invasive species from the early stages of invasion 
(Darling and Blum 2007; Jerde et al. 2011; Nathan et al. 2014). The single-species 
approach of previous eDNA assays for signal crayfish have provided sufficient 
information on current distribution of this species within target catchments across 
Great Britain, however lack relevant information in terms of spatial occupation of 
signal crayfish in relation to the previously widespread native white-clawed crayfish, 
and/or A. astaci infection status of detected signal crayfish. I have utilised recent 
advancements in qPCR technology and chemistry to develop a multiplex to 
simultaneously assess site occupation of both invasive and native crayfish with relation 
to A. astaci presence/absence, which is particularly important for determining potential 
sites for white-clawed crayfish reintroductions and/or sites of coexistence in absence 
of A. astaci (Lodge et al. 2012; Peters and Lodge 2013). Confirmed cases of 
coexistence of signal crayfish and white-clawed crayfish has not been reported before 
in Great Britain, despite this being possible in the absence of A. astaci (Schrimpf et al. 
2013). This multiplex assay could be used as a routine screening tool for detecting new 
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outbreaks of A. astaci infections and/or introduction of infected signal crayfish 
individuals, which can inform safe guarding of remnant white-clawed crayfish 
populations. The design of this assay could also be applied to other aquatic invasive 
species which co-invade with novel pathogens (i.e. topmouth gudgeon and 
Sphaerothecum destruens; Spikmans et al. 2013), as a management tool for early 
detection and disease prevalence. This eDNA methodology was designed for use in a 
citizen science project, therefore this assay can be utilised in future nationwide 
monitoring programs, having being previously validated in numerous studies, 
including the Crayfish Count project (Chapters 2, 3 and 5). Multiplexes for 
simultaneous detection of multiple species compared to single-species assays provide 
more information per PCR reaction, which reduces costs of eDNA screening whilst 
maintaining the diagnostic nature of qPCR, despite some evidence of reduced 
detectability (Liu et al. 2018; Wozney and Wilson 2017).  
 
Problems with low detection rates of eDNA is a well-documented limitation of using 
eDNA assays to infer invertebrate species presence particularly in freshwater systems 
(Treguier et al. 2014). Despite advances in DNA extraction kits which now enable 
higher eDNA yields than previously possible, environmental parameters such as 
temperature, pH, flow rate and organic inhibitors still pose a problem for the reliability 
and reproducibility of eDNA assays (Deiner and Altermatt 2014). In this thesis, I have 
demonstrated how higher eDNA detection rates can be achieved when considering the 
ecology of the target species, with improved fine-scale detection of both signal 
crayfish and mitten crabs being possible by collecting a combination of surface 
sediment and water eDNA samples. Using eDNA to understand how these two 
invasive species respond to river fragmentation is important for estimating how 
successful any future invasions of these species will be in catchments with differing 
fragmentation status (Gilbey et al. 2008; Herborg et al. 2007; Rudnick et al. 2003; 
Schmidt et al. 2009). Being able to assess the relative effect of barriers on dispersal of 
signal crayfish and mitten crabs without requiring visual confirmation of the species 
highlights the benefits of using eDNA methodologies, particularly for AIS which can 
naturally exist as sparse, low-density populations in new environments or are 
particularly good at evading capture by traditional methods, such as topmouth gudgeon 
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(Britton et al. 2008; Britton et al. 2007). In addition, it is possible that this assay can 
be used to identify population segregation of target species due to the presence of 
impassible barriers, which could identify populations which may not persist long-term 
due to being genetically compromised in terms of gene flow (Hitchings and Beebee 
1997). This thesis also details how effective eDNA assays can be for monitoring 
eradication of invasive fish, particularly in comparison to seine netting and trapping. 
Chapter 4 highlights the benefits of using qPCR technology in comparison to end-
point PCR techniques for improved sensitivity and avoidance of false negatives, 
particularly when analysing DNA from low-volume (<1 L) water samples.  
 
18.8. Strengths and weaknesses of a novel citizen science initiative 
Previously, eDNA studies have been successfully streamlined and integrated into 
citizen science initiatives for monitoring rare native species of high interest (Biggs et 
al. 2015), however there have been few examples of using citizen science as a platform 
for collecting data on invasive species presence (Crall et al. 2011; Delaney et al. 2008; 
Silvertown 2009). The novel citizen science initiative I designed was unsuccessful and 
lack of feedback from the anglers meant evaluation of reasons for limited participation 
was not possible. Factors including protocol complexity and inappropriate 
questionnaire design were likely the reason Crayfish Count did not succeed. This 
project did however highlight the suitability of eDNA methodologies for citizen 
science programs, as previously utilised throughout this thesis (chapters 2 and 3) and 
in other studies (i.e. Biggs et al. 2015) with success. Effort required from members of 
the public for taking part in biological monitoring initiavties should be considered 
before initiating new citizen science monitoring programmes, because there is high 
effort and monetary input involved with setting up and maintaining such programmes 
and without identifying factors influencing engagement success, projects are unlikely 
to be successful (Druschke and Seltzer 2012). 
 
Overall, in this thesis, I have shown that by using a combination of population genetics, 
eDNA and (potentially) citizen science, it is possible to better understand the 
establishment success, site occupation and dispersal of target aquatic invasive species.  
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19. CONCLUSIONS 
 
• Multiple source populations and possibly high genetic diversity at time of invasion 
are likely to have facilitated the successful invasion of signal crayfish in Great 
Britain. 
• A novel eDNA multiplex assay was developed which can provide information on 
the localized distribution of both signal and white-clawed crayfish and can identify 
areas of coexistence between these species at sites with free of A. astaci infection. 
• The influence of river barriers on the distribution of signal crayfish and mitten crab 
can be determined through use of the eDNA assay, which can then be used to 
predict extent of dispersal in novel catchments with high levels of fragmentation.  
• Artificial barriers influence the eDNA detection success of mitten crabs 
downstream of barriers, however there is no effect of river barriers on detection of 
signal crayfish, as identified using the eDNA assay. 
• Eradication of invasive topmouth gudgeon can be monitored through applying a 
species-specific eDNA assay to qPCR technology, which eliminates the problem 
of false negatives of traditional trapping and netting methods. 
• Topmouth gudgeon appears to persist in ponds where it had previously been 
eradicated, despite no visual signs of the species being present using the designed 
species-specific eDNA assay. 
• ‘Crayfish Count’ citizen science initiative has not been an effective tool for 
monitoring signal crayfish and demonstrates how design and implementation of 
protocols needs to be simple and suitable for target groups. 
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20. SUPPORTING INFORMATION 
 
Table S1. Information on the microsatellites used in analysis (Froufe et al. 2015), including multiplexes used, primer sequences, 
fluorescent dyes, concentration of primer in PCR reaction (µm) and allele size range covered by each microsatellite (bp).  
Locus Primer Sequence (5’–3’) Fluorescent 
dye 
Primer 
concentration (µm) 
Allele size range (bp) 
Multiplex 1     
LPL6 F: TGTCGGATCATAGTCGTCGT VIC 0.45 103-172 
R: GGCTCTCAGTAACCTACCAGG 
LPL26 F: AAATAAGACCCGACAAAGCG FAM 0.5 301-337 
R: ATGAGGAGCCGCAAGTGTAA 
LPL40 F: CAGTCGATATTTCTTTATATCCCTTCA PET 0.6 101-137 
R: CTGGTTCCAGATAGCAGCGT 
Multiplex 2     
LPL15 F: TGTCGGATCATAGTCGTCGT PET 0.7 95-173 
R: AGGCTCTCAGTAACCTACCAGG 
LPL32 F: AAAGCGGACAACATGGAAGT FAM 2.5 266-318 
R: GCCGCAAGTGTAAGCTGAA 
LPL45 F: TCTAGAAACAGACTGGTCTCATGG FAM 1 69-114 
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R: CACCTACGGGCTATTCATGC 
Multiplex 3     
Scop1 F: GCCCTCTGCTTACTTTCTCAC NED 0.4 131-183 
R: CTCATGGAGTACGAGTCCAGA 
Scop9 F: GCTGAAATGGAGGGATGA FAM 0.4 140-170 
R: TGTGCCTTTTCTAAGCTGT 
Scop31 F: GATCTGGACGTCGACGTCTT VIC 1 184-256 
R: CCCTGTACCATTCATGATTG 
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Table S2. Pairwise FST values (below diagonal) and significance (above diagonal) for all populations of Pacifastacus leniusculus 
sampled with ‘null’ microsatellites (Scop1, Scop9, Scop31 and LPL45) removed. 
 
 
 
 
 
 
 
 
 
 
* P < 0.0013 
 
 
 Sirhowy Lugg Dderw Lea Bachowey Mochdre Gavenny Pant-y-Llyn Oregon 
Sirhowy 0.000 * * * * * * * * 
Lugg 0.261 0.000 * * * * * * * 
Dderw 0.350 0.126 0.000 * * * * * * 
Lea 0.207 0.041 0.137 0.000 * * - * * 
Bachowey 0.222 0.064 0.160 0.064 0.000 * * - * 
Mochdre 0.184 0.057 0.199 0.032 0.035 0.000 - * * 
Gavenny 0.207 0.050 0.168 0.015 0.054 0.010 0.000 * * 
Pant-y-Llyn 0.228 0.031 0.083 0.027 0.020 0.040 0.028 0.000 * 
Oregon 0.392 0.441 0.545 0.362 0.371 0.330 0.334 0.398 0.000 
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Table S3. Genetic diversity values of nine Pacifastacus leniusculus populations for nine microsatellite loci.  NA Number of alleles; NE 
Number of effective alleles; HO Observed heterozygosity; HE Expected heterozygosity; HW P-values for deviation of Hardy-Weinberg 
equilibrium; FIS Fixation index (positive value indicates homozygosity excess); N Number of samples. Significant values of deviation of 
HW after Bonferroni correction (P <0.000617) are indicated in bold.  
  Microsatellite 
Population 
 
LPL15 LPL26 LPL32 LPL40 LPL45 LPL6 Scop1 Scop31 Scop9 
1 (Sirhowy) NA 5 3 3 3 2 3 10 5 4 
 
NE 2.961 2.582 2.052 2.187 1.399 2.799 3.422 2.532 2.209 
 
HO 0.567 0.700 0.433 0.633 0.138 0.533 0.233 0.267 0.067 
 
HE 0.662 0.613 0.513 0.543 0.285 0.643 0.708 0.605 0.547 
 HW 0.000 0.567 0.571 0.195 0.005 0.548 0.000 0.000 0.000 
 
FIS 0.144 -0.142 0.155 -0.167 0.517 0.170 0.670 0.559 0.878 
2 (Lugg) NA 12 1 1 4 4 10 7 8 4 
 
NE 8.145 1.000 1.000 3.035 1.418 7.627 4.749 3.298 3.056 
 
HO 0.867 0.000 0.000 0.600 0.067 0.833 0.333 0.310 0.267 
 
HE 0.877 0.000 0.000 0.671 0.295 0.869 0.789 0.697 0.673 
 HW 0.764 N/A N/A 0.000 0.000 0.740 0.000 0.000 0.000 
 
FIS 0.012 N/A N/A 0.105 0.774 0.041 0.578 0.555 0.604 
3 (Dderw) NA 8 1 2 2 5 5 7 4 3 
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NE 3.673 1.000 1.034 1.684 2.539 2.050 2.934 2.998 2.323 
 
HO 0.767 0.000 0.033 0.367 0.133 0.433 0.148 0.241 0.333 
 
HE 0.728 0.000 0.033 0.406 0.606 0.512 0.659 0.666 0.569 
 HW 0.415 N/A 0.926 0.595 0.000 0.862 0.000 0.000 0.000 
 
FIS -0.053 N/A -0.017 0.097 0.780 0.154 0.775 0.638 0.415 
4 (Lea) NA 11 4 4 5 4 10 14 13 5 
 
NE 6.294 1.578 1.360 2.903 1.250 5.764 8.813 9.425 3.579 
 
HO 0.865 0.216 0.189 0.730 0.108 0.811 0.286 0.444 0.189 
 
HE 0.841 0.366 0.265 0.656 0.200 0.827 0.887 0.894 0.721 
 HW 0.997 0.000 0.000 0.482 0.000 0.992 0.000 0.000 0.000 
 
FIS -0.028 0.410 0.286 -0.113 0.459 0.019 0.678 0.503 0.737 
5 (Bachowey) NA 8 3 3 4 3 7 7 8 3 
 
NE 5.049 1.375 1.667 3.267 1.241 4.878 5.014 3.327 2.188 
 
HO 0.842 0.211 0.421 0.263 0.105 0.737 0.316 0.421 0.316 
 
HE 0.802 0.273 0.400 0.694 0.194 0.795 0.801 0.699 0.543 
 HW 0.598 0.591 0.945 0.000 0.000 0.500 0.000 0.382 0.000 
 
FIS -0.050 0.228 -0.052 0.621 0.457 0.073 0.606 0.398 0.418 
6 (Mochdre) NA 12 4 5 3 3 12 7 10 5 
 
NE 7.293 1.473 1.774 2.533 1.667 6.685 5.870 5.641 4.034 
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HO 0.947 0.158 0.368 0.579 0.105 0.895 0.263 0.211 0.316 
 
HE 0.863 0.321 0.436 0.605 0.400 0.850 0.830 0.823 0.752 
 HW 0.986 0.017 0.322 0.157 0.003 0.951 0.000 0.000 0.000 
 
FIS -0.098 0.509 0.156 0.043 0.737 -0.052 0.683 0.744 0.580 
7 (Gavenny) NA 11 5 4 6 4 11 15 18 5 
 
NE 7.577 1.756 1.436 2.735 2.683 8.087 8.715 14.017 2.808 
 
HO 0.724 0.345 0.207 0.621 0.241 0.793 0.379 0.414 0.241 
 
HE 0.868 0.430 0.304 0.634 0.627 0.876 0.885 0.929 0.644 
 HW 0.004 0.325 0.015 0.868 0.000 0.132 0.000 0.000 0.000 
 
FIS 0.166 0.199 0.319 0.022 0.615 0.095 0.572 0.554 0.625 
8 (Oregon) NA 13 3 3 5 2 13 12 11 3 
 
NE 7.848 1.174 1.112 2.473 1.670 7.848 6.333 6.685 2.571 
 
HO 0.842 0.053 0.105 0.474 0.000 0.842 0.684 0.368 0.000 
 
HE 0.873 0.148 0.101 0.596 0.401 0.873 0.842 0.850 0.611 
 HW 0.673 0.000 0.996 0.017 0.000 0.673 0.005 0.000 0.007 
 
FIS 0.035 0.645 -0.041 0.205 1.000 0.035 0.188 0.567 1.000 
9 (Pant-y-Llyn) NA 11 3 4 3 3 8 5 9 3 
 
NE 7.237 1.336 1.296 2.288 1.300 6.169 4.034 4.404 2.972 
 
HO 0.813 0.219 0.125 0.375 0.000 0.719 0.310 0.188 0.406 
132 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HE 0.862 0.251 0.229 0.563 0.231 0.838 0.752 0.773 0.664 
 HW 0.249 0.236 0.000 0.056 0.000 0.335 0.000 0.000 0.003 
 
FIS 0.057 0.130 0.453 0.334 1.000 0.142 0.587 0.757 0.388 
           
MEAN NA 10 3 3 4 3 9 9 10 4 
 NE 6.231 1.475 1.415 2.567 1.685 5.767 5.543 5.814 2.860 
 HO 0.804 0.211 0.209 0.516 0.100 0.733 0.328 0.318 0.237 
 HE 0.820 0.267 0.253 0.596 0.360 0.787 0.795 0.771 0.636 
 FIS 0.021 0.283 0.157 0.127 0.704 0.075 0.593 0.586 0.627 
 N 27.2 27.2 27.2 27.2 26.9 27.2 26.3 26.9 25.8 
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Table S4. Results of ABC analyses for estimated posterior parameters. Means, medians, modes and quantiles are displayed. N1 = Effective 
population size (Ne) of Sirhowy; N2 = Ne of Lugg; N3 = Ne of Dderw; N4 = Ne of pooled populations (Lea, Mochdre and Gavenny); N5 = 
Ne of Bachowey; N6 = Ne of Pant-y-Llyn; t = time of divergence in generations; Âµmic_1 = mean mutation rate; pmic_1 = number of 
repeat motifs added/removed from microsatellites in each mutation step and snimic_1 = single insertion nucleotide rate.  
 
Parameter mean median mode q025 q050 q250 q750 q950 q975 
N1 251 219 189 103 116 168 290 463 596 
N2 486 382 281 130 156 264 576 1220 1610 
N3 1370 1330 1240 529 619 1000 1710 2250 2370 
N4 1270 1220 1010 476 564 909 1590 2190 2330 
N5 2460 2470 2500 2370 2400 2450 2490 2500 2500 
N6 1050 963 757 327 396 672 1340 2060 2250 
t 517 471 417 220 249 368 602 940 111 
Âµmic_1 0.000925 0.000946 0.001 0.000734 0.000774 0.000882 0.000991 0.001 0.001 
pmic_1 0.270 0.283 0.300 0.166 0.188 0.255 0.300 0.300 0.300 
snimic_1 0.00000782 0.00000958 0.00001 0.000000583 0.00000117 0.00000627 0.00001 0.00001 0.00001 
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Table S5. Posterior probabilities for all three scenarios estimated with a maximum of 1% of simulated data sets. n = number of simulated 
datasets closest to the observed using the logistic approach. 
 
Scenario n 
 
3000 6000 9000 12000 15000 18000 21000 24000 27000 30000 
1 0.7405 0.7903 0.8127 0.8176 0.8179 0.8160 0.8160 0.8145 0.8116 0.8091 
 
(0.4876-
0.9933) 
(0.6409-
0.9396) 
(0.7026-
0.9229) 
(0.7250-
0.9102) 
(0.7358-
0.9001) 
(0.7408-
0.8913) 
(0.7465-
0.08854) 
(0.7494-
0.8797) 
(0.7496-
0.8736) 
(0.7499-
0.8684) 
2 0.0711 0.0633 0.0650 0.0700 0.0746 0.0795 0.0817 0.0831 0.0844 0.0853 
 
(0.0000-
0.1597) 
(0.0077-
0.1189) 
(0.0176-
0.1123) 
(0.0256-
0.1144) 
(0.0323-
0.1169) 
(0.0385-
0.1206) 
(0.0428-
0.1206) 
(0.0462-
0.1199) 
(0.0493-
0.1195) 
(0.0518-
0.1188) 
3 0.1884 0.1464 0.1223 0.1124 0.1075 0.1044 0.1024 0.1024 0.1040 0.1055 
 
(0.0000-
0.4095) 
(0.0221-
0.2707) 
(0.0363-
0.2083) 
(0.0438-
0.1810) 
(0.0490-
0.1660) 
(0.0528-
0.1561) 
(0.0556-
0.1491) 
(0.0588-
0.1460) 
(0.0625-
0.1456) 
(0.0658-
0.1453) 
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Table S6. StructureSelector output table using the Puechmaille Method to infer the 
true K (4) from the British Pacifastacus leniusculus populations analysed using four 
alternative statistics (MedMed, MedMean, MaxMed and MaxMean).  
 
K MedMed MedMean MaxMed MaxMean Reps 
1 1 1 1 1 20 
2 2 2 2 2 20 
3 3 3 3 3 20 
4 4 4 4 4 20 
5 4 4 4 4 20 
6 4 4 4 4 20 
7 4 3 4 3 20 
8 3 3 4 3 21 
 
MedMedK MedMeaK MaxMedK MaxMeaK 
 
ALL 4 4 4 4 
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Table S7. StructureSelector output table using the Puechmaille Method to infer the 
true K (5) from the all Pacifastacus leniusculus populations analysed using four 
alternative statistics (MedMed, MedMean, MaxMed and MaxMean).  
 
K MedMed MedMean MaxMed MaxMean Reps 
2 2 2 2 2 20 
3 3 3 3 3 20 
4 4 4 4 4 20 
5 5 5 5 5 20 
6 4 4 5 5 20 
7 4 4 4 4 20 
8 4 4 4 4 20 
9 4 4 4 4 21 
 
MedMedK MedMeaK MaxMedK MaxMeaK 
 
ALL 5 5 5 5  
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Figure S1. STRUCTURE analysis for Pacifastacus leniusculus populations with ‘null’ microsatellites (Scop1, Scop9, Scop31 and LPL45) 
removed at K = 5 clusters; each bar represents an individual crayfish, the different colours represent different clusters and therefore indicate 
the proportion of each crayfish attributable to each cluster. Infection status is stated above the output and corresponding population names 
stated below for each population.   
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Figure S2. Most likely K for all British populations studied (excluding Oregon), 
determined using MedMedK, MedMeanK, MaxMedK and MaxMeanK statistics in 
StructureSelector.  
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Figure S3. Most likely K for all nine populations studied (including Oregon) 
determined using MedMedK, MedMeanK, MaxMedK and MaxMeanK statistics in 
StructureSelector.   
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Figure S4. Output from BARRIER, highlighting the main breaks in genetic continuity 
(red lines); the green line corresponds to the Delaunay triangulation between 
populations (red dots) and Voronoï tessellation used to calculate position of the 
barriers (blue line). Populations: 1=Sirhowy, 2=Lugg, 3=Dderw, 4=Lea, 5=Bachowey, 
6=Mochdre, 7=Gavenny, 8=Pant-y-Llyn. Barriers: a = isolates population 3, b = 
isolates population 1, c = between population 2 and 5. 
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Figure S5. Principal component analysis (PCA) showing the fit of posterior 
distributions for all three scenarios tested, displaying 10000 prior plots per scenario.  
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Figure. S6. Alignment of DNA fragments from eDNA samples for both Pacifastacus leniusculus and Austropotamobius pallipes and 
ApalPlen16S forward (A) and reverse (B) primers against reference sequences. Seq_A.pal = positive in-situ Austropotamobius pallipes 
eDNA fragment; Seq_P. len = positive in-situ Pacifastacus leniusculus eDNA fragment. 
 
 
 
 
 
 
 
 
 
 
A 
B 
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Figure. S7. Melt peaks from SYBR™ Green dilution series (A) and from SsoFast™ 
EvaGreen® dilution series (B) for Pacifastacus leniusculus and Austropotamobius 
pallipes DNA pools. 
 
A 
B 
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Figure S8. Efficiency outputs from SYBR™ Green dilution series for Pacifastacus 
leniusculus (A) and Austropotamobius pallipes (B); efficiency outputs from SsoFast™ 
EvaGreen® dilution series for (B) for Pacifastacus leniusculus (C) and 
Austropotamobius pallipes (D).  
 
 
 
 
A B 
C D 
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Figure S9. Melt peaks from SsoFast™ EvaGreen® ex-situ Pacifastacus leniusculus 
eDNA qPCR amplifications. 
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Table S8. Melt peak data from SYBR™ Green and SsoFast™ EvaGreen® dilution 
series for Pacifastacus leniusculus (s_pool) and Austropotamobius pallipes (n_pool). 
Mastermix Sample ID Concentration (ng/µl) Melt Temperature (oC) 
SYBR™ Green s_pool 5 72.50 
SYBR™ Green s_pool 5 72.80 
SYBR™ Green s_pool 5 72.80 
SYBR™ Green n_pool 5 73.70 
SYBR™ Green n_pool 5 73.70 
SYBR™ Green n_pool 5 73.70 
SYBR™ Green s_pool 0.5 73.10 
SYBR™ Green s_pool 0.5 73.40 
SYBR™ Green s_pool 0.5 73.30 
SYBR™ Green n_pool 0.5 73.70 
SYBR™ Green n_pool 0.5 73.70 
SYBR™ Green n_pool 0.5 73.70 
SYBR™ Green s_pool 0.05 73.40 
SYBR™ Green s_pool 0.05 73.40 
SYBR™ Green s_pool 0.05 73.30 
SYBR™ Green n_pool 0.05 73.80 
SYBR™ Green n_pool 0.05 73.70 
SYBR™ Green n_pool 0.05 73.60 
SYBR™ Green s_pool 0.005 73.70 
SYBR™ Green s_pool 0.005 73.30 
SYBR™ Green s_pool 0.005 73.20 
SYBR™ Green n_pool 0.005 73.70 
SYBR™ Green n_pool 0.005 73.70 
SYBR™ Green n_pool 0.005 73.80 
SYBR™ Green s_pool 0.0005 72.90 
SYBR™ Green s_pool 0.0005 73.00 
SYBR™ Green s_pool 0.0005 73.00 
SYBR™ Green n_pool 0.0005 73.80 
SYBR™ Green n_pool 0.0005 73.70 
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Sample ID: PC_SC Signal crayfish positive DNA control, PC_NC Native crayfish 
positive DNA control,  n_pool  Native crayfish DNA pool, s_pool Signal crayfish 
DNA pool, MB Amplification negative control 
 
SYBR™ Green n_pool 0.0005 73.70 
SYBR™ Green MB N/A None 
SYBR™ Green MB N/A None 
SYBR™ Green MB N/A None 
SsoFast™ EvaGreen® s_pool 5 82.10 
SsoFast™ EvaGreen® s_pool 5 72.50 
SsoFast™ EvaGreen® s_pool 5 72.80 
SsoFast™ EvaGreen® s_pool 5 72.80 
SsoFast™ EvaGreen® n_pool 5 73.70 
SsoFast™ EvaGreen® n_pool 5 73.70 
SsoFast™ EvaGreen® n_pool 5 73.70 
SsoFast™ EvaGreen® s_pool 0.5 73.10 
SsoFast™ EvaGreen® s_pool 0.5 73.40 
SsoFast™ EvaGreen® s_pool 0.5 73.30 
SsoFast™ EvaGreen® n_pool 0.5 73.70 
SsoFast™ EvaGreen® n_pool 0.5 73.70 
SsoFast™ EvaGreen® n_pool 0.5 73.70 
SsoFast™ EvaGreen® s_pool 0.05 73.70 
SsoFast™ EvaGreen® s_pool 0.05 73.70 
SsoFast™ EvaGreen® s_pool 0.05 73.70 
SsoFast™ EvaGreen® n_pool 0.05 73.80 
SsoFast™ EvaGreen® n_pool 0.05 73.70 
SsoFast™ EvaGreen® n_pool 0.05 73.70 
SsoFast™ EvaGreen® s_pool 0.005 73.70 
SsoFast™ EvaGreen® s_pool 0.005 73.70 
SsoFast™ EvaGreen® s_pool 0.005 73.60 
SsoFast™ EvaGreen® n_pool 0.005 73.70 
SsoFast™ EvaGreen® n_pool 0.005 73.70 
SsoFast™ EvaGreen® n_pool 0.005 73.80 
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Table S9. Melt curve data from SsoFast™ EvaGreen® mixed DNA ratios of crayfish 
species (Pacifastacus leniusculus and Austropotamobius pallipes) qPCR 
amplifications.  
Mastermix Sample ID Melt Temperature (oC) 
SsoFast™ EvaGreen® 10:90 S:N 74.20 
SsoFast™ EvaGreen® 10:90 S:N 74.10 
SsoFast™ EvaGreen® 10:90 S:N 74.20 
SsoFast™ EvaGreen® 90:10 S:N 74.80 
SsoFast™ EvaGreen® 90:10 S:N 74.90 
SsoFast™ EvaGreen® 90:10 S:N 74.90 
SsoFast™ EvaGreen® 20:80 S:N 74.30 
SsoFast™ EvaGreen® 20:80 S:N 74.30 
SsoFast™ EvaGreen® 20:80 S:N 74.30 
SsoFast™ EvaGreen® 30:70 S:N 74.30 
SsoFast™ EvaGreen® 30:70 S:N 74.40 
SsoFast™ EvaGreen® 30:70 S:N 68.30 
SsoFast™ EvaGreen® 30:70 S:N 74.40 
SsoFast™ EvaGreen® 40:60 S:N 74.70 
SsoFast™ EvaGreen® 40:60 S:N 74.70 
SsoFast™ EvaGreen® 40:60 S:N 74.60 
SsoFast™ EvaGreen® 50:50 S:N 74.70 
SsoFast™ EvaGreen® 50:50 S:N 74.70 
SsoFast™ EvaGreen® 50:50 S:N 74.70 
SsoFast™ EvaGreen® 60:40 S:N 74.70 
SsoFast™ EvaGreen® 60:40 S:N 74.70 
SsoFast™ EvaGreen® 60:40 S:N 74.70 
SsoFast™ EvaGreen® 70:30 S:N 74.80 
SsoFast™ EvaGreen® 70:30 S:N 74.80 
SsoFast™ EvaGreen® 70:30 S:N 74.70 
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Sample ID: PC_SC Signal crayfish positive DNA control, PC_NC Native crayfish 
positive DNA control, N Native crayfish, S Signal crayfish, MB Amplification 
negative control 
 
 
 
 
 
 
 
 
 
 
 
 
SsoFast™ EvaGreen® 80:20 S:N 74.80 
SsoFast™ EvaGreen® 80:20 S:N 74.70 
SsoFast™ EvaGreen® 80:20 S:N 74.70 
SsoFast™ EvaGreen® PC_SC 74.00 
SsoFast™ EvaGreen® PC_SC 74.10 
SsoFast™ EvaGreen® PC_SC 74.10 
SsoFast™ EvaGreen® PC_NC 74.80 
SsoFast™ EvaGreen® PC_NC 74.80 
SsoFast™ EvaGreen® PC_NC 74.90 
SsoFast™ EvaGreen® MB None 
SsoFast™ EvaGreen® MB None 
SsoFast™ EvaGreen® MB None 
SsoFast™ EvaGreen® MB None 
SsoFast™ EvaGreen® MB None 
SsoFast™ EvaGreen® MB None 
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Table S10. Melt peak data from HOT FIREPol® EvaGreen® eDNA qPCR 
amplifications from the Medway and Itchen catchments, at sites where both 
Pacifastacus leniusculus and Austropotamobius pallipes DNA was detected in the 
same site. 
 
Mastermix Catchment Year Sample ID Melt Temperature (oC) 
HOT FIREPol® EvaGreen® Medway 2016 M5A 76.90 
HOT FIREPol® EvaGreen® Medway 2016 M5A 76.00 
HOT FIREPol® EvaGreen® Medway 2016 M5A 76.00 
HOT FIREPol® EvaGreen® Medway 2016 M5B 76.00 
HOT FIREPol® EvaGreen® Medway 2016 M5B 76.00 
HOT FIREPol® EvaGreen® Medway 2016 M5B 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5C None 
HOT FIREPol® EvaGreen® Medway 2016 M5C 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5C 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5D 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5D None 
HOT FIREPol® EvaGreen® Medway 2016 M5D 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5E 75.80 
HOT FIREPol® EvaGreen® Medway 2016 M5E None 
HOT FIREPol® EvaGreen® Medway 2016 M5E None 
HOT FIREPol® EvaGreen® Medway 2016 M5F 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5F 75.90 
HOT FIREPol® EvaGreen® Medway 2016 M5F 75.80 
HOT FIREPol® EvaGreen® Medway 2017 M5C 75.90 
HOT FIREPol® EvaGreen® Medway 2017 M5C 75.90 
HOT FIREPol® EvaGreen® Medway 2017 M5C 76.90 
HOT FIREPol® EvaGreen® Itchen 2017 I8C 74.80 
HOT FIREPol® EvaGreen® Itchen 2017 I8C 74.90 
HOT FIREPol® EvaGreen® Itchen 2017 I8C 74.70 
HOT FIREPol® EvaGreen® Itchen 2017 I8F 73.60 
HOT FIREPol® EvaGreen® Itchen 2017 I8F 74.00 
HOT FIREPol® EvaGreen® Itchen 2017 I8F None 
HOT FIREPol® EvaGreen® N/A N/A PC_SC 75.90 
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HOT FIREPol® EvaGreen® N/A N/A PC_SC 76.00 
HOT FIREPol® EvaGreen® N/A N/A PC_SC 75.90 
HOT FIREPol® EvaGreen® N/A N/A PC_AA 82.90 
HOT FIREPol® EvaGreen® N/A N/A PC_AA 82.90 
HOT FIREPol® EvaGreen® N/A N/A PC_AA 82.90 
HOT FIREPol® EvaGreen® N/A N/A MB None 
HOT FIREPol® EvaGreen® N/A N/A MB None 
HOT FIREPol® EvaGreen® N/A N/A MB None 
Sample ID: M# Medway catchment sample with corresponding subsample letter, I# 
Itchen catchment sample with corresponding subsample letter, PC_SC Signal crayfish 
positive DNA control, PC_NC Native crayfish positive DNA control,  PC_AA 
Crayfish plague positive DNA control, MB Amplification negative control 
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Table S11. Melt peak data from SsoFast™ EvaGreen® eDNA qPCR amplifications 
from the River Itchen at for samples positive for Pacifastacus leniusculus and 
Austropotamobius pallipes DNA. 
Mastermix Catchment Sample Melt Temperature (oC) 
SsoFast™ EvaGreen® Itchen I1_A 74.60 
SsoFast™ EvaGreen® Itchen I1_A 74.60 
SsoFast™ EvaGreen® Itchen I1_C 74.80 
SsoFast™ EvaGreen® Itchen I1_C 74.70 
SsoFast™ EvaGreen® Itchen I5_C 73.80 
SsoFast™ EvaGreen® Itchen I5_C 73.70 
SsoFast™ EvaGreen® Itchen I7_E 74.10 
SsoFast™ EvaGreen® Itchen I8_A 73.70 
SsoFast™ EvaGreen® Itchen I8_C 74.80 
SsoFast™ EvaGreen® Itchen I8_C 74.90 
SsoFast™ EvaGreen® Itchen I8_C 74.70 
SsoFast™ EvaGreen® Itchen I8_F 73.60 
SsoFast™ EvaGreen® Itchen I8_F 74.00 
SsoFast™ EvaGreen® Itchen I10_A 73.60 
SsoFast™ EvaGreen® Itchen I10_A 73.70 
SsoFast™ EvaGreen® Itchen I10_A 73.80 
SsoFast™ EvaGreen® Itchen I10_B 73.70 
SsoFast™ EvaGreen® Itchen I12_B 74.00 
SsoFast™ EvaGreen® Itchen I12_B 74.00 
SsoFast™ EvaGreen® Itchen I12_B 74.00 
SsoFast™ EvaGreen® Itchen I15_B 74.00 
SsoFast™ EvaGreen® Itchen I15_B 73.90 
SsoFast™ EvaGreen® Itchen I15_B 73.80 
SsoFast™ EvaGreen® Itchen I15_D 73.90 
SsoFast™ EvaGreen® Itchen I15_F 73.90 
SsoFast™ EvaGreen® Itchen I16_A 73.70 
SsoFast™ EvaGreen® Itchen I16_A 73.60 
SsoFast™ EvaGreen® Itchen I16_F 73.60 
SsoFast™ EvaGreen® Itchen PC_NC 74.40 
SsoFast™ EvaGreen® Itchen PC_NC 74.50 
SsoFast™ EvaGreen® Itchen PC_NC 74.80 
SsoFast™ EvaGreen® Itchen PC_SC 73.80 
SsoFast™ EvaGreen® Itchen PC_SC 73.80 
SsoFast™ EvaGreen® Itchen PC_SC 73.90 
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Sample ID: I# Itchen catchment sample with corresponding subsample letter, PC_SC 
Signal crayfish positive DNA control, PC_NC Native crayfish positive DNA control,  
MB Amplification negative control 
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Table S12. Location of major barriers present upstream to downstream of the sampling area of the River Medway, River Dee and River 
Stour, including type of obstruction, GPS coordinates and distance to nearest upstream and downstream barriers (km), based on 
information provided by Environment Agency and Natural Resources Wales (EA, 2017).  
 
River Obstruction Name Obstruction 
Type 
Obstruction GPS Distance upstream to next 
barrier (km) 
Distance downstream to 
next barrier (km) 
Medway Leigh Barrier Control 
Structure 
Flood Gate TQ 56386 46116 N/A 3.5 
Medway Town Lock Lock TQ 59356 46478 3.5 2.2 
Medway Eldridges Lock Lock TQ 61191 47173 2.2 1.4 
Medway Porters Lock Lock TQ 62488 47088 1.4 1.9 
Medway East Lock Lock TQ 64202 47298 1.9 1.2 
Medway Oak Weir Lock Lock TQ 65354 47202 1.2 2.0 
Medway Sluice Weir Lock Lock TQ 66919 47947 2.0 4.6 
Medway Hampstead Lock Lock TQ 68686 50345 4.6 4.7 
Medway Teston Lock Lock TQ 70840 53052 4.7 3.2 
Medway East Farleigh Lock Lock TQ 73521 53572 3.2 3.5 
Medway Allington Lock Lock TQ 74833 58153 3.7 2.3 
Medway Tidal gate 2 Flood Gate TQ 72961 58962 2.3 0.2 
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Medway Tidal gate 4 Flood Gate TQ 72751 58847 0.2 1.0 
Medway Tidal gate 6 Flood Gate TQ 71750 58994 1.0 N/A 
Dee Horseshoe falls Weir SJ 19540 43330 N/A 23.8 
Dee Weir on the Dee Weir SJ 34841 41469 23.8 4.0 
Dee Erbistock Mill Weir Weir SJ 35423 42107 4.0 53.1 
Dee Chester Weir Weir SJ 40757 65819 53.1 N/A 
 
Table S13. Upstream and downstream proximity of each sampling site in relation to the nearest known river obstruction in the River 
Medway and River Dee.  
River Site Distance upstream to next barrier 
(km) 
Distance downstream to next barrier 
(km) 
Medway M1 3.3 0.3 
Medway M2 2.0 4.0 
Medway M3 N/A 3.9 
Medway M4 3.4 0.6 
Medway M5 N/A 5.9 
Medway M6 N/A 13.6 
Medway M7 N/A 8.6 
Medway M8 0.2 3.0 
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Medway M9 3.3 0.04 
Medway M10 3.3 0.2 
Medway M11 7.5 5.0 
Dee D1 N/A 42.7 
Dee D2 N/A 30.3 
Dee D3 N/A 30.2 
Dee D4 1.1 26.8 
Dee D5 16.4 7.3 
Dee D6 2.5 49.2 
Dee D7 16.6 32.6 
Dee D8 24.1 20.3 
Dee D9 36.6 11.6 
Dee D10 44.2 5.4 
Dee D11 48.7 1.1 
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Table S14. Melt peak data from SsoFast™ EvaGreen® dilution series for Pacifastacus 
leniusculus (SC_pool), Austropotamobius pallipes (NC_pool) and Eriocheir sinensis 
(MC_pool). 
 
 
Sample Fluorophore Melt Temperature (oC) 
MC_pool SYBR 73.5 
MC_pool SYBR 73.4 
MC_pool SYBR 73.4 
MC_pool SYBR 73.4 
MC_pool SYBR 73.4 
MC_pool SYBR 73.3 
MC_pool SYBR 73.3 
MC_pool SYBR 73.3 
MC_pool SYBR 73.2 
MC_pool SYBR 73.1 
MC_pool SYBR 73.4 
MC_pool SYBR 73.4 
SC_pool SYBR 73.7 
SC_pool SYBR 73.6 
SC_pool SYBR 73.6 
SC_pool SYBR 73.6 
SC_pool SYBR 73.7 
SC_pool SYBR 73.7 
SC_pool SYBR 73.6 
SC_pool SYBR 73.6 
SC_pool SYBR 73.7 
SC_pool SYBR 73.6 
SC_pool SYBR 73.7 
SC_pool SYBR 73.7 
NC_pool SYBR 74.5 
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NC_pool SYBR 74.5 
NC_pool SYBR 74.6 
NC_pool SYBR 74.5 
NC_pool SYBR 74.6 
NC_pool SYBR 74.6 
NC_pool SYBR 74.4 
NC_pool SYBR 74.6 
NC_pool SYBR 74.6 
NC_pool SYBR 74.6 
NC_pool SYBR 74.6 
NC_pool SYBR 74.6 
Sample ID: PC_SC Signal crayfish positive DNA control, PC_NC Native crayfish 
positive DNA control, PC_MC Mitten crab positive DNA control 
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Table S15. Melt peak data from SsoFast™ EvaGreen® dilution series for Pacifastacus 
leniusculus (SC), Austropotamobius pallipes (NC) and Eriocheir sinensis (MC) mixed 
proportions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample ID: PC_SC Signal crayfish positive DNA control, PC_NC Native crayfish 
positive DNA control, PC_MC Mitten crab positive DNA control, MB amplification 
blank 
Sample Fluorophore Melt Temperature (oC) 
2:2:2 SYBR 74.4 
2:2:2 SYBR 74.4 
2:2:2 SYBR 74.4 
1:2:2 SYBR 74.4 
1:2:2 SYBR 74.4 
1:2:2 SYBR 74.4 
2:1:2 SYBR 74.4 
2:1:2 SYBR 74.4 
2:1:2 SYBR 74.4 
2:2:1 SYBR 73.7 
2:2:1 SYBR 73.6 
2:2:1 SYBR 73.6 
PC_SC SYBR 73.7 
PC_SC SYBR 73.6 
PC_SC SYBR 73.6 
PC_NC SYBR 74.5 
PC_NC SYBR 74.5 
PC_NC SYBR 74.5 
PC_MC SYBR 73.4 
PC_MC SYBR 73.3 
PC_MC SYBR 73.4 
MB SYBR None 
MB SYBR None 
MB SYBR None 
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Table S16. Melt peak data from SsoFast™ EvaGreen® dilution series for Pacifastacus 
leniusculus (SC), and Eriocheir sinensis (MC) mixed proportions.  
Sample Fluorophore Melt Temperature (oC) 
9:1 SYBR 73.7 
9:1 SYBR 73.7 
9:1 SYBR 73.7 
8:2 SYBR 73.6 
8:2 SYBR 736. 
8:2 SYBR 73.6 
7:3 SYBR 73.6 
7:3 SYBR 73.6 
7:3 SYBR 73.6 
6:4 SYBR 73.4 
6:4 SYBR 73.4 
6:4 SYBR 73.4 
5:5 SYBR 73.4 
5:5 SYBR 73.4 
5:5 SYBR 73.4 
4:6 SYBR 73.4 
4:6 SYBR 73.4 
4:6 SYBR 73.4 
3:7 SYBR 73.4 
3:7 SYBR 73.4 
3:7 SYBR 73.4 
2:8 SYBR 73.4 
2:8 SYBR 73.4 
2:8 SYBR 73.4 
1:9 SYBR 73.4 
1:9 SYBR 73.4 
1:9 SYBR 73.4 
PC_SC SYBR 73.7 
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Sample ID: PC_SC Signal crayfish positive DNA control, PC_MC Mitten crab 
positive DNA control, MB amplification blank 
PC_SC SYBR 73.7 
PC_SC SYBR 73.7 
PC_MC SYBR 73.3 
PC_MC SYBR 73.4 
PC_MC SYBR 73.3 
MB SYBR None 
MB SYBR None 
MB SYBR None 
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Table S17. Number of water and sediment samples collected, positive sites for both water and sediment samples for each species (signal 
crayfish (SC) and mitten crab (MC)) and total number of positive sites for each sample type.  
Catchment 
Total Water 
Sample Sites 
Total Sediment 
Sample Sites 
No. Positive SC 
sites (Water) 
No. Positive SC 
sites (Sediment) 
No. Positive 
MC sites 
(Water) 
No. Positive MC 
sites (Sediment) 
Medway 11 5 4 3 3 1 
Dee 11 11 1 2 1 2 
Stour 3 1 1 1 1 1 
Total  25 17 6 6 5 4 
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Table S18. Melt peak data from SsoFast™ EvaGreen® water field samples in the 
River Medway positive for Pacifastacus leniusculus (SC), and Eriocheir sinensis 
(MC) DNA.  
 
Fluorophore Sample Melt Temperature (oC) 
SYBR M_1A 73.9 
SYBR M_1A 73.8 
SYBR M_1A 73.7 
SYBR M_1C 73.8 
SYBR M_1C 73.7 
SYBR M_1C 73.7 
SYBR M_1D 73.7 
SYBR M_1D 73.6 
SYBR M_1D 73.6 
SYBR M_1F 73.7 
SYBR M_1F 73.6 
SYBR M_1F 73.6 
SYBR M_5A 74.0 
SYBR M_5A 74.1 
SYBR M_5A 74.1 
SYBR M_5B 74.0 
SYBR M_5B 74.0 
SYBR M_5C 74.1 
SYBR M_5C 74.1 
SYBR M_5D 74.1 
SYBR M_5D 74.0 
SYBR M_5D 74.1 
SYBR M_5E 74.0 
SYBR M_5E 73.8 
SYBR M_5E 73.8 
SYBR M_5F 73.8 
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SYBR M_5F 73.8 
SYBR M_5F 74.1 
SYBR M_7A 73.9 
SYBR M_7A 72.9 
SYBR M_7E 73.6 
SYBR M_7E 73.6 
SYBR M_7F 73.3 
SYBR M_7F 73.4 
SYBR M_7F 73.3 
SYBR M_10A 73.9 
SYBR M_10A 73.6 
SYBR M_10A 73.7 
SYBR M_10C 73.3 
SYBR M_10C 73.3 
SYBR M_10D 73.6 
SYBR M_10D 73.7 
SYBR M_11A 73.5 
SYBR M_11A 73.5 
SYBR M_11B 73.4 
SYBR M_11B 73.4 
SYBR M_1BL None 
SYBR M_1BL None 
SYBR M_1BL None 
SYBR M_2BL None 
SYBR M_2BL None 
SYBR M_2BL None 
SYBR M_3BL None 
SYBR M_3BL None 
SYBR M_3BL None 
SYBR M_4BL None 
SYBR M_4BL None 
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SYBR M_4BL None 
SYBR M_5BL None 
SYBR M_5BL None 
SYBR M_5BL None 
SYBR M_6BL None 
SYBR M_6BL None 
SYBR M_6BL None 
SYBR M_7BL None 
SYBR M_7BL None 
SYBR M_7BL None 
SYBR M_8BL None 
SYBR M_8BL None 
SYBR M_8BL None 
SYBR M_9BL None 
SYBR M_9BL None 
SYBR M_9BL None 
SYBR M_10BL None 
SYBR M_10BL None 
SYBR M_10BL None 
SYBR M_11BL None 
SYBR M_11BL None 
SYBR M_11BL None 
SYBR EB1 None 
SYBR EB1 None 
SYBR EB1 None 
SYBR EB2 None 
SYBR EB2 None 
SYBR EB2 None 
SYBR EB3 None 
SYBR EB3 None 
SYBR EB3 None 
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SYBR MB None 
SYBR MB None 
SYBR MB None 
SYBR PC_MC 73.3 
SYBR PC_MC 73.3 
SYBR PC_SC 73.7 
SYBR PC_SC 73.7 
Sample ID: M_# Medway catchment sample with corresponding subsample letter, 
PC_SC Signal crayfish positive DNA control, PC_MC Mitten crab positive DNA 
control, EB# extraction blank, M_#BL site blank, MB amplification blank 
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Table S19. Melt peak data from SsoFast™ EvaGreen® sediment field samples in the 
River Medway positive for Pacifastacus leniusculus (SC), and Eriocheir sinensis 
(MC) DNA. 
 
Fluorophore Sample Melt Temperature (oC) 
SYBR M_S7_B 73.7 
SYBR M_S7_B 73.7 
SYBR M_S7_B 73.7 
SYBR M_S7_C 73.8 
SYBR M_S7_C 74.0 
SYBR M_S7_C 73.8 
SYBR M_S7_E 73.9 
SYBR M_S7_E 73.8 
SYBR M_S7_E 73.6 
SYBR M_S7_F 73.6 
SYBR M_S7_F 73.6 
SYBR M_S7_F 73.9 
SYBR M_S8_A 73.9 
SYBR M_S8_A 74.0 
SYBR M_S8_A 74.0 
SYBR M_S8_C 73.6 
SYBR M_S8_C 73.8 
SYBR M_S8_D 73.9 
SYBR M_S8_D 73.9 
SYBR M_S8_D 73.9 
SYBR M_S8_F 73.6 
SYBR M_S8_F 73.7 
SYBR M_S11_A 73.3 
SYBR M_S11_A 73.3 
SYBR M_S11_A 73.3 
SYBR M_S11_B 73.3 
SYBR M_S11_B 73.4 
SYBR M_S11_B 73.4 
SYBR M_S11_C 73.1 
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SYBR M_S11_C 73.2 
SYBR M_S11_C 75.3 
SYBR M_S11_E 73.6 
SYBR M_S11_E 73.7 
SYBR M_S1BL None 
SYBR M_S1BL None 
SYBR M_S1BL None 
SYBR M_S2BL None 
SYBR M_S2BL None 
SYBR M_S2BL None 
SYBR M_S3BL None 
SYBR M_S3BL None 
SYBR M_S3BL None 
SYBR M_S4BL None 
SYBR M_S4BL None 
SYBR M_S4BL None 
SYBR M_S5BL None 
SYBR M_S5BL None 
SYBR M_S5BL None 
SYBR PC_SC 73.9 
SYBR PC_SC 73.9 
SYBR PC_SC 74 
SYBR PC_MC 73.3 
SYBR PC_MC 73.4 
SYBR PC_MC 73.3 
SYBR MB None 
SYBR MB None 
SYBR MB None 
 
Sample ID: M_S# Medway catchment sample with corresponding subsample letter, 
PC_SC Signal crayfish positive DNA control, PC_MC Mitten crab positive DNA 
control, EB extraction blank, M_S#BL site blank, MB amplification blank 
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Table S20. Melt peak data from SsoFast™ EvaGreen® water field samples in the 
River Stour positive for Pacifastacus leniusculus (SC), and Eriocheir sinensis (MC) 
DNA. 
Fluorophore Sample Melt Temperature (oC) 
SYBR S_3A 73.8 
SYBR S_3A 73.6 
SYBR S_3A 73.8 
SYBR S_3B 73.4 
SYBR S_3B 73.4 
SYBR S_3B 73.3 
SYBR S_1BL None 
SYBR S_1BL None 
SYBR S_1BL None 
SYBR S_2BL None 
SYBR S_2BL None 
SYBR S_2BL None 
SYBR S_3BL None 
SYBR S_3BL None 
SYBR S_3BL None 
SYBR PC_MC 73.4 
SYBR PC_MC 73.3 
SYBR PC_MC 73.3 
SYBR PC_SC 73.7 
SYBR PC_SC 73.7 
SYBR PC_SC 74.0 
SYBR MB None 
SYBR MB None 
SYBR MB None 
Sample ID: S_# Stour catchment sample with corresponding subsample letter, PC_SC 
Signal crayfish positive DNA control, PC_MC Mitten crab positive DNA control, EB 
extraction blank, MB amplification blank 
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Table S21. Melt peak data from SsoFast™ EvaGreen® sediment field samples in the 
River Stour positive for Pacifastacus leniusculus (SC), and Eriocheir sinensis (MC) 
DNA. 
Fluorophore Sample Melt Temperature (oC) 
SYBR S_S_3B 73.6 
SYBR S_S_3B 73.6 
SYBR S_S_3D 73.7 
SYBR S_S_3D 73.7 
SYBR S_S_3E 73.6 
SYBR S_S_3E 73.7 
SYBR S_S_3E 74.0 
SYBR S_S_3F 73.6 
SYBR S_S_3F 73.6 
SYBR MB None 
SYBR MB None 
SYBR MB None 
SYBR PC_MC 73.4 
SYBR PC_MC 73.3 
SYBR PC_MC 73.3 
SYBR PC_SC 73.9 
SYBR PC_SC 74.0 
SYBR PC_SC 74.0 
Sample ID: S_S_# Stour catchment sample with corresponding subsample letter, 
PC_SC Signal crayfish positive DNA control, PC_MC Mitten crab positive DNA 
control, EB extraction blank, MB amplification blank 
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Table S22. Melt peak data from SsoFast™ EvaGreen® water field samples in the 
River Dee positive for Pacifastacus leniusculus (SC), and Eriocheir sinensis (MC) 
DNA. 
Fluorophore Sample Melt Temperature (oC) 
SYBR D_1D 73.9 
SYBR D_1D 73.6 
SYBR D_7E 73.9 
SYBR D_7E 73.8 
SYBR D_9D 73.5 
SYBR D_9D 73.4 
SYBR D_9D 73.3 
SYBR D_1BL None 
SYBR D_1BL None 
SYBR D_1BL None 
SYBR D_2BL None 
SYBR D_2BL None 
SYBR D_2BL None 
SYBR D_3BL None 
SYBR D_3BL None 
SYBR D_3BL None 
SYBR D_4BL None 
SYBR D_4BL None 
SYBR D_4BL None 
SYBR D_5BL None 
SYBR D_5BL None 
SYBR D_5BL None 
SYBR D_6BL None 
SYBR D_6BL None 
SYBR D_6BL None 
SYBR D_7BL None 
SYBR D_7BL None 
SYBR D_7BL None 
SYBR D_8BL None 
SYBR D_8BL None 
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SYBR D_8BL None 
SYBR D_9BL None 
SYBR D_9BL None 
SYBR D_9BL None 
SYBR D_10BL None 
SYBR D_10BL None 
SYBR D_10BL None 
SYBR D_11BL None 
SYBR D_11BL None 
SYBR D_11BL None 
SYBR EB4 None 
SYBR EB4 None 
SYBR EB4 None 
SYBR EB5 None 
SYBR EB5 None 
SYBR EB5 None 
SYBR EB6 None 
SYBR EB6 None 
SYBR EB6 None 
SYBR MB None 
SYBR MB None 
SYBR MB None 
SYBR PC_MC 73.5 
SYBR PC_MC 73.5 
SYBR PC_MC 73.5 
SYBR PC_SC 73.7 
SYBR PC_SC 73.7 
SYBR PC_SC 74.0 
Sample ID: D_# Dee catchment sample with corresponding subsample letter, PC_SC 
Signal crayfish positive DNA control, PC_MC Mitten crab positive DNA control, EB 
extraction blank, D_#BL Dee site blank, EB# extraction blank, MB amplification 
blank 
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Table S23. Melt peak data from SsoFast™ EvaGreen® sediment field samples in the 
River Dee positive for Pacifastacus leniusculus (SC), and Eriocheir sinensis (MC) 
DNA. 
Fluorophore Sample Melt Temperature (oC) 
SYBR D1_S_A 73.9 
SYBR D1_S_A 73.9 
SYBR D1_S_A 73.9 
SYBR D1_S_B 73.9 
SYBR D1_S_B 73.8 
SYBR D1_S_B 73.9 
SYBR D1_S_C 73.7 
SYBR D1_S_C 73.7 
SYBR D1_S_D 73.7 
SYBR D1_S_D 73.9 
SYBR D1_S_E 74.0 
SYBR D1_S_E 73.7 
SYBR D1_S_F 74.0 
SYBR D1_S_F 73.6 
SYBR D7_S_A 73.2 
SYBR D7_S_A 73.2 
SYBR D7_S_A 73.3 
SYBR D7_S_C 73.4 
SYBR D7_S_C 73.4 
SYBR D8_S_A 73.2 
SYBR D8_S_A 73.4 
SYBR D8_S_B 73.2 
SYBR D8_S_B 73.2 
SYBR D8_S_B 73.2 
SYBR D8_S_C 73.8 
SYBR D8_S_C 73.9 
SYBR D8_S_D 73.6 
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SYBR D8_S_D 73.6 
SYBR D8_S_E 73.3 
SYBR D8_S_E 73.4 
SYBR D8_S_F 73.7 
SYBR D8_S_F 73.7 
SYBR D_BL1 None 
SYBR D_BL1 None 
SYBR D_BL1 None 
SYBR D_BL2 None 
SYBR D_BL2 None 
SYBR D_BL2 None 
SYBR D_BL3 None 
SYBR D_BL3 None 
SYBR D_BL3 None 
SYBR D_BL4 None 
SYBR D_BL4 None 
SYBR D_BL4 None 
SYBR MB None 
SYBR MB None 
SYBR MB None 
SYBR PC_MC 73.4 
SYBR PC_MC 73.4 
SYBR PC_MC 73.5 
SYBR PC_SC 73.7 
SYBR PC_SC 73.8 
SYBR PC_SC 73.8 
Sample ID: D#_S Dee catchment sample with corresponding subsample letter, PC_SC 
Signal crayfish positive DNA control, PC_MC Mitten crab positive DNA control, EB 
extraction blank, D_BL# Dee site blank, EB# extraction blank, MB amplification 
blank 
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Figure S10. Efficiency curve from SsoFast™ EvaGreen® dilution series for 
Pseudorasbora parva DNA pool, starting at 5 ng/µl DNA concentration to 5 x 10-7 
ng/µl. 
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Figure S11. Gel electrophoresis output for end-point PCR 10-fold dilution series with 
COI primers (Davison et al., 2017; A) and designed Pparva16S primers (B).  
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Table S24. Amplification data from SsoFast™ EvaGreen® dilution series for 
Pseudorasbora parva DNA pool. 
 
 
Table S25. Melt curve data from SsoFast™ EvaGreen® qPCR amplifications of positive 
750 mL field samples from Morolwg Pond, MP; Ashpits Pond, AP; Turbine Pond, TP and 
Dyfatty Pond, DP at each sampling point (P) for Pseudorasbora parva. 
 
Sample Melt Temperature Peak Height Begin Temperature End Temperature 
MPP1 None None None None 
MPP1 78.8 1382.24 74.1 80.4 
MPP1 78.8 1564.81 75.6 80.3 
MPP2 78.8 686.29 74.6 80.7 
MPP2 78.7 1458.3 75.6 80.8 
MPP2 78.7 1334.47 75.2 80.8 
MPP3 78.8 2263.07 73.3 80.7 
MPP3 78.7 2455.5 73.5 80.9 
MPP3 78.7 2916.66 73.3 80.4 
MPP4 78.7 457.99 77.2 80 
MPP4 None None None None 
MPP4 79.4 419.18 79.1 80.7 
Fluor Content Concentration (ng/µl) Sample Cq Cq 
Mean 
Cq Std. 
Dev 
SYBR Std-1 5 TMG_pool N/A 0 0 
SYBR Std-1 5 TMG_pool 26.36 26.32 0.05 
SYBR Std-1 5 TMG_pool 26.28 26.32 0.05 
SYBR Std-2 0.5 TMG_pool 29.67 29.6 0.284 
SYBR Std-2 0.5 TMG_pool 29.85 29.6 0.284 
SYBR Std-2 0.5 TMG_pool 29.29 29.6 0.284 
SYBR Std-3 0.05 TMG_pool 33.38 32.93 0.429 
SYBR Std-3 0.05 TMG_pool 32.88 32.93 0.429 
SYBR Std-3 0.05 TMG_pool 32.53 32.93 0.429 
SYBR Std-4 0.005 TMG_pool 38.16 37 1.014 
SYBR Std-4 0.005 TMG_pool 36.28 37 1.014 
SYBR Std-4 0.005 TMG_pool 36.56 37 1.014 
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MPP5 79 1844.79 73.7 81 
MPP5 78.8 1980.32 73.8 80.5 
MPP5 78.8 1948.93 74.1 80.5 
MPP6 78.7 1009.06 76.2 80.4 
MPP6 78.6 1450.87 75.1 80.1 
MPP6 78.6 1567.75 74.1 80.1 
MPP7 78.6 1270.03 74.7 80.5 
MPP7 78.5 1760.27 74.3 80.4 
MPP7 78.5 1951.74 74.8 80.1 
MPP8 None None None None 
MPP8 78.5 1590.32 75.2 80.1 
MPP8 None None None None 
MPP9 None None None None 
MPP9 None None None None 
MPP9 None None None None 
MPP10 78.7 1144.19 75.2 80.1 
MPP10 78.7 1641.57 75.2 80.7 
MPP10 78.6 1467.49 74.3 80.4 
APP1 None None None None 
APP1 None None None None 
APP1 78.7 922.13 77.1 80 
APP2 78.8 2016.6 73.7 80.5 
APP2 78.8 2098.51 76.2 80.5 
APP2 78.8 2348.39 74.3 80.5 
APP3 None None None None 
APP3 None None None None 
APP3 None None None None 
APP4 78.7 1087.3 75.7 80.1 
APP4 78.6 1405.5 75.4 80.5 
APP4 None None None None 
APP5 None None None None 
APP5 None None None None 
APP5 None None None None 
APP6 78.7 1238.33 77.1 80.2 
APP6 78.7 1119.73 74.7 80.6 
APP6 79.1 1117.57 75.9 80.5 
APP7 None None None None 
APP7 79 1526.71 74.5 81.2 
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APP7 79.1 1631.21 75.6 80.8 
APP8 None None None None 
APP8 None None None None 
APP8 78.7 1230.85 76.1 80.4 
APP9 78.7 1858.93 74.7 80.5 
APP9 78.8 1911.83 74.7 80.4 
APP9 78.6 1905.34 75.1 80.6 
APP10 78.7 1626.21 75.2 80.3 
APP10 78.7 1424.01 74.6 81.2 
APP10 78.6 1728.19 74.7 80.4 
TPP1 None None None None 
TPP1 None None None None 
TPP1 None None None None 
TPP2 78.7 444.78 75.4 80.2 
TPP2 None None None None 
TPP2 78.8 1706.65 74.6 80.5 
TPP3 None None None None 
TPP3 None None None None 
TPP3 None None None None 
TPP4 78.7 2239.13 74.6 80.6 
TPP4 78.7 2239.2 74.2 80.8 
TPP4 78.7 2113.4 74.1 80.8 
TPP5 78.6 1875.08 74.4 80.7 
TPP5 78.7 2318.02 74.8 80.6 
TPP5 78.8 2029.71 75.3 80.3 
TPP6 78.8 1744.25 74.1 80.5 
TPP6 78.7 2178.47 74.1 80.6 
TPP6 78.7 1404.07 75.2 80.4 
TPP7 None None None None 
TPP7 None None None None 
TPP7 None None None None 
TPP8 None None None None 
TPP8 None None None None 
TPP8 None None None None 
TPP9 79.1 830.62 77.1 80.4 
TPP9 78.7 1065.52 75.1 80.5 
TPP9 None None None None 
TPP10 78.8 1163.54 74.9 80.7 
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TPP10 78.7 1344.09 74.6 80.7 
TPP10 78.8 1023.41 74.4 80.7 
DPP1 None None None None 
DPP1 79.1 1186.12 76.3 80.7 
DPP1 78.8 1143.57 75.7 80.1 
DPP2 78.8 1235.97 75.1 80.1 
DPP2 79 1300.56 76.5 80.6 
DPP2 78.8 1365.41 75.1 80.7 
DPP3 None None None None 
DPP3 None None None None 
DPP3 None None None None 
DPP4 78.7 2327.73 73.7 80.5 
DPP4 78.8 2039.45 74.5 80.9 
DPP4 79.5 1190.27 75.3 80.7 
DPP5 None None None None 
DPP5 78.7 1305.95 75.7 80 
DPP5 79.1 888.61 76.7 80.6 
DPP6 78.8 2016.19 74.8 80.5 
DPP6 79 396.32 77.4 80.1 
DPP6 None None None None 
DPP7 None None None None 
DPP7 None None None None 
DPP7 None None None None 
DPP8 78.8 1325.54 74.6 80.7 
DPP8 78.7 876.47 75.4 80.6 
DPP8 79.1 1417.68 74.3 80.7 
DPP9 79.1 1275.43 74.2 81.2 
DPP9 79.1 1280.49 74.4 80.9 
DPP9 79.1 1457.15 73.8 81.4 
DPP10 78.9 729.93 76.1 80.3 
DPP10 78.6 1031.94 74.7 80.6 
DPP10 78.5 797.48 75.5 80 
MPB0 None None None None 
MPB0 None None None None 
MPB0 None None None None 
MPBL1 None None None None 
MPBL1 None None None None 
MPBL1 None None None None 
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APBL1 None None None None 
APBL1 None None None None 
APBL1 None None None None 
TPBL1 None None None None 
TPBL1 None None None None 
TPBL1 None None None None 
DPBL1 None None None None 
DPBL1 None None None None 
DPBL1 None None None None 
FB1 None None None None 
FB1 None None None None 
FB2 None None None None 
FB2 None None None None 
FB2 None None None None 
EB None None None None 
EB None None None None 
EB None None None None 
AB None None None None 
AB None None None None 
AB None None None None 
PC_TMG  79 1605.57 74.5 80.8 
PC_TMG  78.9 1595.56 74.8 81 
PC_TMG  78.9 1552.06 74.6 81 
FB: filter blank, EB: extraction blank, AB: amplification blank, PC: positive control 
 
Table S26. Melt curve data from SsoFast™ EvaGreen® qPCR amplifications of 15 mL 
field samples from Morolwg Pond, MP; Ashpits Pond, AP; Turbine Pond, TP and Dyfatty 
Pond, DP at each sampling point (P) for Pseudorasbora parva. 
 
Sample Melt Temperature Peak Height Begin Temperature End Temperature 
MPP1 None None None None 
MPP1 None None None None 
MPP1 None None None None 
MPP2 None None None None 
MPP2 None None None None 
MPP2 None None None None 
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MPP3 None None None None 
MPP3 None None None None 
MPP3 None None None None 
MPP4 None None None None 
MPP4 78.5 1514.93 74.8 80.5 
MPP4 78.7 1033.39 76.4 80.2 
MPP5 None None None None 
MPP5 None None None None 
MPP5 None None None None 
MPP6 None None None None 
MPP6 None None None None 
MPP6 None None None None 
MPP7 78.7 1316.49 74.5 80.3 
MPP7 None None None None 
MPP7 None None None None 
MPP8 None None None None 
MPP8 None None None None 
MPP8 None None None None 
MPP9 None None None None 
MPP9 None None None None 
MPP9 None None None None 
MPP10 None None None None 
MPP10 78.8 940.45 74 81.1 
MPP10 None None None None 
APP1 None None None None 
APP1 78.6 1050.41 76.4 80.4 
APP1 None None None None 
APP2 None None None None 
APP2 None None None None 
APP2 None None None None 
APP3 None None None None 
APP3 None None None None 
APP3 None None None None 
APP4 None None None None 
APP4 78.6 1085.79 75.6 80.2 
APP4 78.6 1155.02 75.5 80.2 
APP5 None None None None 
APP5 None None None None 
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APP5 None None None None 
APP6 None None None None 
APP6 78.5 1132.17 75.4 80.1 
APP6 None None None None 
APP7 None None None None 
APP7 None None None None 
APP7 None None None None 
APP8 None None None None 
APP8 None None None None 
APP8 None None None None 
APP9 None None None None 
APP9 None None None None 
APP9 None None None None 
APP10 None None None None 
APP10 None None None None 
APP10 None None None None 
TPP1 None None None None 
TPP1 None None None None 
TPP1 None None None None 
TPP2 78.6 1371.57 75.3 80.6 
TPP2 78.6 731.96 76.5 80.1 
TPP2 None None None None 
TPP3 None None None None 
TPP3 None None None None 
TPP3 None None None None 
TPP4 None None None None 
TPP4 None None None None 
TPP4 None None None None 
TPP5 None None None None 
TPP5 None None None None 
TPP5 None None None None 
TPP6 None None None None 
TPP6 78.5 1446.08 74.8 80.1 
TPP6 78.6 1316.45 75.3 80.2 
TPP7 None None None None 
TPP7 None None None None 
TPP7 None None None None 
TPP8 None None None None 
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TPP8 None None None None 
TPP8 None None None None 
TPP9 None None None None 
TPP9 None None None None 
TPP9 None None None None 
TPP10 None None None None 
TPP10 None None None None 
TPP10 None None None None 
DPP1 None None None None 
DPP1 None None None None 
DPP1 None None None None 
DPP2 None None None None 
DPP2 None None None None 
DPP2 None None None None 
DPP3 None None None None 
DPP3 None None None None 
DPP3 None None None None 
DPP4 None None None None 
DPP4 None None None None 
DPP4 None None None None 
DPP5 None None None None 
DPP5 None None None None 
DPP5 None None None None 
DPP6 None None None None 
DPP6 None None None None 
DPP6 None None None None 
DPP7 None None None None 
DPP7 None None None None 
DPP7 None None None None 
DPP8 None None None None 
DPP8 None None None None 
DPP8 None None None None 
DPP9 None None None None 
DPP9 None None None None 
DPP9 None None None None 
DPP10 None None None None 
DPP10 None None None None 
DPP10 None None None None 
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PC_TMG 79.1 1991.82 74.5 80.8 
PC_TMG 79 1825.98 74.5 80.7 
PC_TMG 79.1 1851.12 75.3 80.8 
AB None None None None 
AB None None None None 
AB None None None None 
FB: filter blank, EB: extraction blank, AB: amplification blank, PC: positive control 
 
 
Table S27. Probability of detection (binomial proportions, 95 CI) of topmouth 
gudgeon (Pseudorasbora parva) at different spatial scales using a traditional PCR 
method and the novel qPCR assay with different volumes of water.  
 
Method  
Water 
volume 
(mL) 
Probability of detection  
Pond 
(n:4) 
Site 
(n:40) 
Sample 
(n:120) 
     
qPCR 750 1.00 (0.40-1.00) 0.78 (0.62-
0.89) 
0.63 (0.54-0.72) 
     
PCR 750 1.00 (0.40-1.00) 0.35 (0.21-
0.52) 
0.15 (0.09-0.23) 
     
qPCR 15 0.75 (0.20-0.99) 0.20 (0.09-
0.36) 
0.10 (0.05-0.17) 
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Figure S12. Cover page for Crayfish Count kit.
187 
 
 
 
 
 
 
 
 
 
Figure S13. Contents page for crayfish count kit. 
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Figure S14. Sampling protocol detailing instructions for field sampling and handling of samples. 
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Figure S15. Recording sheet for marking dark spots on crayfish found, complete with protocol and guide. 
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Figure S16. Key identification features for signal crayfish, including claw colour, size and general coloration and appearance of dorsal 
carapace (©NNSS). 
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Figure S17. Key identification features of the underside of signal crayfish and white-clawed crayfish to assist with ID of species found 
and to avoid endangered white-clawed crayfish being sampled.
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Figure S18. Recording sheet for signal crayfish sightings including example recording 
(in red). 
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Figure S19. Guide for use of Aquainvaders smartphone app, including step-by-step 
guide on submitting recordings and screenshots to help assist with navigating the app. 
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Figure S20. Guide for use of Aquainvaders website, including step-by-step guide on 
submitting recordings and screenshots to help assist with navigating the website. 
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Figure S21. Participation sheet to be filled out by individuals which have collected samples to gauge the age range, education level, 
fishing frequency and interest towards future citizen science project. 
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Figure S22. Short phrase ‘Swab. Record. Post’ with pictures on back page of 
Crayfish Count kit. 
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Motivation for Participation in Crayfish Count Project 
Q1.  Did you attend an event which included a presentation on the ‘Crayfish 
Count’ in 2016? 
Possible answers: Yes or No 
 
Q2.  Did you receive/collect a ‘Crayfish Count’ sampling kit? 
Possible answers: Yes or No 
 
Q3. Did you participate in the ‘Crayfish Count’ (recording and swabbing 
crayfish)? 
Possible answers: Yes or No 
 
Q4.  If yes, please select the boxes which best describe what motivated you to 
participate. 
Possible answers: Educational gain (knowledge/skill), Social gain 
(socialising/expanding personal network), benefit to environment (find where signal 
crayfish are/contribute to environmental science), N/A, Other (please specify) 
 
Q5. If no, please select the boxes which best describe why you did not 
participate. 
Possible answers: Availability (lack of time to participate), protocol appeal (too 
long/too difficult), lack of obvious benefit to self (knowledge/skill gain), N/A, Other 
(please specify) 
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Q6. Did you participate in environmental DNA (eDNA) water collection in the 
Taff? 
Possible answers: Yes or No 
 
Q7.  If yes, please select the boxes which best describe what motivated you to 
participate. 
Possible answers: Educational gain (knowledge/skill), Social gain 
(socialising/expanding personal network), benefit to environment (find where signal 
crayfish are/contribute to environmental science), N/A, Other (please specify) 
 
Q8. If no, please select the boxes which best describe why you did not 
participate. 
Possible answers: Availability (lack of time to participate), protocol appeal (too 
long/too difficult), lack of obvious benefit to self (knowledge/skill gain), N/A, Other 
(please specify) 
 
Q9. Please select your age category 
Possible answers: Under 18/18-24/25-34/35-44/45-54/55-64/65+ 
 
Q10. Would you like to be included in a prize draw for a £10 Amazon gift card? 
Possible answers: Yes (please insert email address below)/No 
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Database references: 
 
Robinson, C.V., Uren Webster, T.M., Consuegra, S., 2018. Data on optimisation of a 
multiplex HRM-qPCR assay for native and invasive crayfish as well as the crayfish 
plague in four river catchment. Data in Brief 19, 1092-1109. 
https://doi.org/10.1016/j.biocon.2018.04.009  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
200 
 
24. ETHICS STATEMENTS AND PERMITS 
 
 
201 
 
 
 
 
 
 
202 
 
 
 
 
 
 
203 
 
 
 
 
 
 
204 
 
 
 
 
 
 
205 
 
 
 
 
 
 
206 
 
 
 
 
 
 
207 
 
25. GLOSSARY 
Admixture Interbreeding between two or more previously isolated 
populations. 
Allelic frequencies Relative frequency of an allele (variant of a gene) at a 
particular locus in a population, expressed as a fraction 
or percentage. 
Bonferroni correction An adjustment made to P values when several dependent 
or independent statistical tests are being performed 
simultaneously on a single data set. 
Carapace Hard-upper shell of a tortoise, crustacean, or arachnid. 
Catadromous The act of migrating down rivers to the sea to spawn. 
Dissemination The act of spreading something, especially information, 
widely; circulation. 
DNA amplification Production of multiple copies of a sequence of DNA. 
Effective population size Number of individuals in a population who contribute 
offspring to the next generation. 
Electrofishing Fish (a stretch of water) using electrocution or a weak 
electric field. 
Founder effects The reduced genetic diversity which results when a 
population is descended from a small number of 
colonizing ancestors. 
FST Measure of population differentiation due to genetic 
structure. 
Genetic diversity Total number of genetic characteristics in the genetic 
makeup of a species. 
Haplotype Set of genetic determinants located on a single 
chromosome. 
Hardy-Weinberg 
equilibrium 
A fundamental principle of population genetics: 
population gene frequencies and genotype frequencies 
remain constant from generation to generation if mating 
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is random and if mutation, selection, immigration, and 
emigration do not occur. 
Heterozygosity Having different alleles at one or more corresponding 
chromosomal loci. 
Homozygosity by locus When an individual has two identical genes at a locus. 
Hybridisation The process of an animal or plant breeding with an 
individual of another species or variety. 
In silico Conducted or produced by means of computer modelling 
or computer simulation. 
Limit of detection Lowest quantity or concentration of a component that 
can be reliably detected with a given analytical method. 
Limit of quantification Lowest concentration at which the analyte can not only 
be reliably detected but at which some predefined goals 
for bias and imprecision are met. 
Linkage disequilibrium Occurrence in members of a population of combinations 
of linked genes in non-random proportions. 
Metabarcoding Method of DNA barcoding that uses universal PCR 
primers to identify DNA from a mixture of organisms. 
Microsatellite A set of short repeated DNA sequences at a particular 
locus on a chromosome, which vary in number in 
different individuals and so can be used for genetic 
fingerprinting. 
Null alleles An allele which has the same phenotype when 
homozygous as when heterozygous with a deficiency 
that disrupts the locus in question. 
Overdispersion Presence of greater variability (statistical dispersion) in 
a data set than would be expected based on a given 
statistical model. 
PCR inhibition Any factor which prevent the amplification of nucleic 
acids through the polymerase chain reaction. 
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Phenotypic plasticity Some of the changes in an organism's behaviour, 
morphology and physiology in response to a unique 
environment. 
Polymorphism Presence of genetic variation within a population, upon 
which natural selection can operate 
Primer Short strand of RNA or DNA that serves as a starting 
point for DNA synthesis. 
Propagule pressure Composite measure of the number of individuals of a 
species released into a region to which they are not 
native. It incorporates estimates of the absolute number 
of individuals involved in any one release event 
(propagule size) and the number of discrete release 
events (propagule number). 
Supernatant Liquid lying above a solid residue after crystallization, 
precipitation, centrifugation, or other process. 
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